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The present thesis aims to model and evaluate Soil-Structure Interaction (SSI) issues for
the dynamic response of onshore wind turbines grounded on a layered soil. The recent
growth of wind energy installations has provoked a rapid expansion into regions where
the soil conditions may be complex and the seismic risk high. Numerical simulations are
of crucial importance for predicting unfavorable effects due to the interaction between
the wind turbine, its foundation and the underlying layered soil. This investigation
focuses on a 3-blade wind turbine grounded on a stratified half space. In the first part,
the harmonic response of the structure-soil system is analyzed with the accurate
coupling between the Finite-Element and the Boundary-Element Method (FEM/BEM).
The second part presents the transient response of a 5-MW reference turbine
subjected to aerodynamic and seismic loads, considering SSI effects. Here, Lumped
Parameter Models (LPM) for the foundation-soil system are implemented as a simplified
alternative. The suitability of the LPM is proved by means of comparisons with the
FEM/BEM approach. The influence of several parameters is evaluated, in order to
provide a range of values for which the SSI has to be accounted for. The final purpose
of this study is to gain a deeper understanding of SSI effects for layered soils in seismic
areas, thus contributing to a more reliable performance assessment and cost
estimation.
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Kurzfassung
Ziel dieser Thesis ist es, die Effekte der Boden-Bauwerk Interaktion (BBI) in der dy-
namischen Antwort von Onshore Wind Energie Anlagen, gegründet auf geschichtetem
Boden, zu modellieren und zu evaluieren. Das zunehmende Aufstellen von Wind
Energie Anlagen führt sicherlich zu einer schnellen Expansion in Gebiete, in denen
die Bodenbeschaffenheiten komplex und das seismische Risiko hoch sind. Allerd-
ings besteht dort eine Wissenslücke über ungünstige Einflüsse infolge der Interaktion
der Windturbine, deren Gründung mit dem darunter liegenden, geschichteten Boden.
Obwohl aktuelle Normen Anleitungen zur Berücksichtigung von BBI Effekten bein-
halten, werden diese oft vernachlässigt. Immer wenn der Boden berücksichtigt wird,
wird dieser üblicherweise als homogener Halbraum idealisiert, wobei der signifikante
Einfluss der Bodenschichtung vernachlässigt wird. In dieser Arbeit werden sowohl
genaue als auch vereinfachte Verfahren zur BBI Analyse betrachtet. Beim genauen
Verfahren kommt ein gekoppeltes Modell aus der Finiten Elemente Methode (FEM)
und der Randelementemethode (REM) zum Einsatz. Als vereinfachte Alternative wer-
den Lumped Parameter Modelle (LPM) des Fundament-Boden Systems implementiert.
Mithilfe von Benchmark Beispielen werden wichtige Aspekte der Boden-Bauwerk
Modellierung hervorgehoben. Darüber hinaus wird die Anwendbarkeit des verein-
fachten Ansatzes nachgewiesen. Das vorgestellte Modell besteht aus einer 3-Blatt
Windturbine, die auf einem geschichteten Boden gegründet ist, welcher als homogener
Halbraum mit einer horizontalen Deckschicht idealisiert wird. Die numerische Unter-
suchung teilt sich in zwei Abschnitte auf. Im ersten Teil wird die dynamische Antwort
des Boden-Bauwerk Systems im Frequenzbereich mit einem genauen FEM/REM Kop-
pelmodell berechnet. Nach einer Voruntersuchung des Fundament-Boden Systems
wurde der Fokus der Arbeit auf die Betrachtung des gesamten Turbinen-Boden Ver-
bundes verschoben. Der Einfluss verschiedener Parameter auf die BBI wird systema-
tisch bestimmt, und es werden Größenordnungen für diese Parameter angegeben. Der
zweite Teil konzentriert sich auf die BBI-Effekte in der transienten Antwort einer 5
MW Turbine unter aerodynamischer und seismischer Belastung. Anlehnend an inter-
nationale Normen werden drei Szenarien betrachtet: Leerlauf, Normalbetrieb und No-
tabschaltung der Anlage. Zur Darstellung der seismischen Anregung werden registri-
erte Starkbebenereignisse als Belastung ausgewählt, die modifiziert werden, um den
Einfluss der horizontalen Deckschicht zu berücksichtigen. Mehrere Simulationen wer-
den durchgeführt um den Einfluss der BBI auf die inneren Kräfte und Verschiebungen
der Windturbinen Struktur zu ermitteln. Das abschließende Ziel dieser Untersuchung
ist es, eine Referenz für Praktiker, Entwickler und Forscher, bezüglich der BBI Ef-
fekte im geschichteten Boden zu erstellen. Dies soll ein tiefer gehendes Verständnis
dieser Phänomene in seismisch aktiven Gebieten fördern, um so einen Beitrag zu einer
verlässlicheren Leistungsbewertung und Kostenabschätzung zu liefern.
Abstract
The present thesis aims to model and evaluate Soil Structure Interaction (SSI) issues
for the dynamic response of onshore wind turbines grounded on a layered soil. The re-
cent growth of wind energy installations has certainly provoked a rapid expansion into
regions where the soil conditions may be complex and the seismic risk high. How-
ever, there is a lack of knowledge about unfavorable effects due to the interaction be-
tween the wind turbine, its foundation and the underlying layered soil. Although recent
norms provide guidance for the consideration of SSI effects, these are often neglected,
as their modeling is not straightforward. Whenever the soil is taken into account, in
fact, it is usually idealized as a homogeneous half space, thus neglecting significant
effects due to stratification. In this work, both rigorous and simplified investigation
methods for SSI analyses are considered. The coupling between the finite element
method (FEM) and the boundary element method (BEM) has been chosen among the
rigorous approaches, whereas lumped parameter models (LPM) for the foundation-
soil system have been implemented as a simplified alternative. Through benchmark
examples, important aspects of the soil-structure modeling are highlighted. Moreover,
the suitability of the simplified approach has been proved by means of comparisons
with the FEM/BEM coupling. The proposed models involve a 3-blade wind turbine
grounded on a layered half space, which has been idealized as a horizontal layer over
a homogeneous half space. The numerical investigation is divided into two parts. In
the first part, the dynamic response of the structure-soil system is analyzed in fre-
quency domain with the accurate FEM/BEM coupling. A preliminary assessment of
the foundation-soil system has been carried out; the focus has subsequently shifted to
the whole turbine-soil assemblage. The effects of different parameters have been sys-
tematically evaluated, in order to provide a range of values for which the SSI has to
be accounted for. The second part focuses on the transient response of a 5-MW refer-
ence turbine subjected to aerodynamic and seismic loads, considering SSI effects. In
accordance with international standards, three scenarios have been considered: idling
conditions, normal operational state and emergency shutdown. For the seismic excita-
tion, recorded strong motions have been selected for the control motion, which have
been modified in order to account for the presence of the horizontal layer. Several
simulations have been carried out in order to assess the influence of the SSI on the
internal forces and displacements of the wind turbine structure; results are shown and
discussed. The final purpose of this study is to provide a reference for practitioners,
designers and researchers about SSI effects for layered soils, which helps to gain a
deeper understanding of this phenomenon in seismic areas, thus contributing to more
reliable performance assessments and costs estimations.
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11 Introduction
In the last decades wind turbine installations have experienced a tremendous growth all
over the world, providing 2.5% of global electricity demand in 2014 [46]. Since 2008,
wind power deployment has more than doubled, with a market led by China, United
States and Germany. Thanks to innovative technological improvements, wind turbine
performances are getting more and more efficient, driving down the costs and facili-
tating investment decisions. Among others, an important advancement is the growth
in size, which allows to access higher and steadier wind resources. Nowadays, the
largest prototypes of wind turbines have a diameter of 164 meters and a rated power
of 8 MW [100] and the trend of the last decades indicates an incessant size growth
(Fig. 1.1). Achieving super-sized turbine entails the necessity of radical advances in
performance estimations, load mitigation, controllability, and innovative materials.
Figure 1.1: Growth in size of wind turbines since 1980 [46].
From the structural point of view, the evaluation of the complete dynamic behavior
of wind turbines is a very challenging task, especially for extra-large-sized flexible
structures. A particular attention must be posed on the dependence of this behavior on
the interaction of all components, from the tip of the blades to the founding ground.
The interaction between structures and underlying soil is referred to as soil-structure
interaction (SSI) and it is a well established civil engineering research field. In SSI
analyses the structures are not considered fixed at their base but grounded on a compli-
ance soil, which become part of the structures and influence their dynamic behavior.
It is known that for slender structures, such as large wind turbines, SSI issues play an
important role [30, 114]. Dynamic vibrations of the tower transfer a time-variable load
to the foundation of the turbine, which in turn alters the stress and deformation state of
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the underlying soil. Consequently, the foundations and the whole structure are affected
by the dynamic modification of the soil conditions. Moreover, possible stratification
and inhomogeneities within the soil may lead to wave amplifications due to reflection
and refraction at the layers interface.
In the past decades there has been a significant progress in the development of so-
phisticated numerical methods for the representation of SSI effects for wind turbines
(see sec. 1.2). However, a homogeneous soil has been tacitly assumed in most of the
presently available references. This may lead to unreliable results for markedly het-
erogeneous soil.
Soil-structure interaction issues are particularly important for the exact estimation of
the seismic response of wind turbines. Recent standard codes [47, 107, 24] introduced
the seismic load combination, which considers a reasonable likelihood of earthquake
occurrence during the operational state or an emergency shutdown. Fig. 1.2 shows
the representation of the seismic hazard in Europe in combination with the average
wind speed at 50 m from the ground. The latter is a key issue for the site suitability
assessment for wind power and must be greater than 5-6 m/s. The map reports also
annotations of the wind power installations in European countries by the end of 2013
according to GWEC [104]. A large part of the south European coastal areas presents
high seismic hazard and wind conditions, that are sufficiently suitable for financial
returns from modern wind turbines. For strong earthquakes, seismic plus operational
loads may govern tower and foundation design [107].
In light of the above, it appears necessary to gain a deeper understanding of the SSI
effects on the dynamic response of wind turbines, especially when planned in seismic
areas. This would lead to more reliable performance assessments and costs estima-
tions.
1.1 Statement of the Problem
During a seismic analysis of a wind turbine the soil-structure interaction must be taken
into account because of several interrelated effects:
• The dynamic natural properties of the structure are modified by the presence of
a compliant soil.
• The minimum frequency separation between the natural frequencies of the struc-
ture and the rotor operational frequency as well as the blade passing frequency
may be violated and resonance effects may raise.
• The frequency content of seismic and aerodynamic loads may lead to vibration
amplification (or attenuation) phenomena, with possible high shear force and
overturning moment at the tower base.
1.1 Statement of the Problem 3
Figure 1.2: Seismic hazard map of Europe with annotation of suitable site for wind power
installation (with average wind speed at 50 m from the ground > 5 m/s) and of wind power
capacity (MW) installed in each country by the end of 2013 [104].
• The compliance of the soil attributes a certain additional damping properties to
the structural SSI-system compared with the fixed-base model, leading to energy
dissipation.
• Stratifications inside the soil lead to waves reflection and refraction at the layers
interface, which affect noticeably the seismic input motion.
• Resulting large displacements of the foundation may disturb the control pro-
cesses of the machine leading to an inefficient production or even an emergency
shut-down.
These issues have been identified in previous research works in the last decades and
a detailed description of the state of the art is presented in the nest section, Sec. 1.2.
Within the scientific community, several methods for the SSI analysis have been pro-
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posed and successfully applied to wind turbines (see for instance [20], [81], [5]). How-
ever, a straightforward transfer of scientific findings into practical implications for de-
sign is missing. In practice, the consideration of SSI effects is left to the discretion
of the engineer and therefore often neglected, that is, the tower is erroneously consid-
ered fixed at its base. Only few suggestions are provided by current standard codes,
where only approximate methods for the consideration of soil-structure interaction is-
sues are described. These approximate methods cover only the general case of elastic
homogeneous soil, without taking stratification into proper consideration. Simplified
methods may be appropriate for simple soil configurations, but fail for inhomogeneous
non-linear cases, which represent the majority of the real situations.
It is important to stress that the soil-structure interaction effects can act in opposite di-
rections and it is not possible to establish deductively whether the dynamic response of
the structure will be adversely or beneficially influenced. For each specific configura-
tion of wind unit and underlying soil an exhaustive investigation is necessary. General
conclusions can be drown only for idealized cases.
1.2 State of the Research
The research on SSI issues has developed largely during the last decades and the at-
tention has been mainly focused on seismic analysis of massive infrastructures and
industrial facilities. Recently, this research field has expanded to the wind turbine
design. Because of the fast market growth, wind turbine installations are expanding
towards seismically active areas, where the soil influence plays an important role. As a
result, doubts about the potential effects of the soil-turbine interaction may arise during
a wind power project development. The pioneering work of Dobry and Gazetas [26]
was concerned with investigations of SSI effects for foundation subjected to machine-
type loading. Those historical developments contain several analogies to the study of
SSI influences on wind turbine foundations. Further problem analogies can be found,
among others, in the work of Jennings and Bielak [48] and in the thesis of Liang [21].
Previous works on slender structures, such as chimney and tower structures, showed
that the effect of foundation flexibility on the response to seismic excitation can be
significant and should be addressed in design stages [66, 80, 102]. In particular, it
is proved that SSI affects the structural damping through energy dissipation in the
soil [74, 76, 75, 96]. Moreover, SSI can be a critical parameter during the calibration
of vibration reduction devises such as tuned mass damper, frequently installed in wind
turbines [64].
Lavassas et al. [62] investigated the influence of a stiff (rocky) underground on the dy-
namic behaviour of a 1-MW wind turbine tower. The tower foundation was described
by hexahedral and tetrahedral brick elements, elastically supported on the ground by
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unilateral contact elements. It was found that, for a stiff soil, the SSI influence on the
total strain state of the tower was calculated as less than 2%, thus not affecting the
overall structural response of the tower
An investigation of wind turbine behavior under the influence of SSI is reported in a
work published by Bazeos et al. [10], where a lumped-parameter model for the SSI
was employed. They confirmed that if the soil compliance is included, the natural
frequencies of the system decrease with respect to the fixed base system and the most
affected frequencies are those related to the second and third bending modes.
Cao and Zhang [20] considered different aspects of the problem such as P-∆ effect,
soil-structure interaction, the vertical seismic action and the rotating rotor. Also here
the decrease of the natural frequencies and influence on the time domain seismic re-
sponse were the main findings of the investigations. Zhao and Maißer [115] presented
a multi-body system model for wind turbine towers for seismic investigations in time
domain. Soil-foundation interaction is represented by a frequency-independent dis-
crete parameter model. They found that the tower bending modes of higher order are
considerably affected by the SSI effects with a relative error of 16.5%. An approximate
expression for the fundamental frequency of the system was also made available [2].
This expression is a function of a stiffness and a mass factor, which are influenced by
the soil-structure interaction.
Prowell [81] used in-situ results to guide construction of full turbine-foundation-soil
models. Firstly, he considered a 900-kW wind turbine grounded on a layered soil,
with 2 meters of sand, underlain by dense silty sands and clayey sands. It was found
that base rotation contributed less than 2% to the peak displacement at the top of the
tower in the first bending. Base translation contributed less than 0.2% for the ob-
served peak displacement at the top of the tower, for both fore-aft and side-to-side
first bending modes. In this case, the SSI effects on the structural dynamic properties
were small in comparison to safety margins used to space mechanical vibration and
resonant frequencies. Therefore, SSI considerations would not require redesign. Sec-
ondly, he modeled a 5-MW wind turbine coupled to 3 different 15-meter thick layer
profiles (underlain by rock) and subjected to a 1994 Northridge Earthquake record.
Using a full FEM-Model, the soil was considered to a depth of over 200 meters and
a horizontal distance of over 400 meters, leading to 1300 soil elements. In order to
consider the site effects on the input motion, the seismic signal, recorded at a granitic
rock site, was used as the input motion at the base of the clay layer. In this way, the
soil layer, depending on its stiffness, both amplified and altered the relative amplitude
of different frequency components from the input motion. All simulation showed a
second peak in maximum moment demand near the point of maximum displacement
in the second tower bending mode, not found in fixed base-simulations. Moreover, for
the medium soil simulation, the moment demand at the base was higher than for soft
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and hard soil. Also, the medium soil profile resulted in a maximum in shear demand
around 20 meters up the tower instead of the expected location at the base of the tower.
AlHamaydeh and Hussain [3] presented an optimized design for a the support struc-
ture, where the towerfoundation system was nearresonant with the operational frequen-
cies of the wind turbine leading to a likelihood of structural instability or even collapse.
A detailed 3D FEM model with springs for the soil was created using SAP2000. The
optimal separation between the natural and operational frequencies was achieved, con-
sidering also SSI. This allowed to prevent damage to the structural system eliminating
the need for any RC encasement to the steel foundation or grouting to the piles.
A lumped parameter model (LPM) for wind turbine footings was proposed by Ander-
sen [5]. Here, a weighted least-squares fitting process was employed for approximating
the dynamic stiffness curves of the foundation-soil interaction. Guidelines for the for-
mulation of such a model were given, with focus on two soil configurations: a soft
top layer on stiff clay and a consolidated clay deposit below a top layer of medium
sand. The main conclusion was that the second mode (and higher modes) of the tower
is damped by geometrical dissipation in the ground; however, such a strong effect was
not observable for the first frequency which is in general lower than the cut-off radia-
tion frequency. In other words, for soils consisting of a stratum on stiff deposit, if the
frequencies of the structure lie below the fundamental frequency of the layer, no waves
propagation can actually take place.
As an alternative to the LPM, Harte et al. [41] used the cone models for an along-wind
forced vibration analysis of an onshore wind turbine. The cone models [28, 105] pro-
vide a clear physical insight, are simple to implement and require low computational
costs. However, this method assumes a 1-dimensional strength of materials based on
wave propagation. This leads to some loss of precision compared to three-dimensional
rigorous methods. Using cone models, it was found that, for very low soil stiffness
conditions, the frequency content in the response time history was significantly af-
fected due to SSI. Also, Harte and Basu [40] computed response transfer functions
for a wind turbine tower, including a monopod suction caisson foundation model for
various soil stiffness in terms of impedance functions. These were generated using the
FEM software Plaxis 3D and cones model for comparison. Here, the findings apply
only for the case of homogeneous half space, leaving out important effects due to the
soil layering.
The majority of the mentioned references assumed a homogeneous half space as a soil
model. However, the soil is usually a stratified medium and a layered half space would
represent a better approximation of the reality. In all the previously cited references the
foundation was considered as a rigid body. However, for large size wind turbines, the
flexibility of the foundation plate may play an important role. A rigidity assumption
may be an admissible, but needs a careful verification.
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1.3 Goal settings
This thesis presents several investigations of soil-structure interaction (SSI) effects on
the dynamic response of onshore wind turbines grounded on layered soil. It represents
an attempt to isolate crucial problem parameters, considering a wide range of layered
soil configurations and several possible loading scenarios. The focus lies on the anal-
ysis of soil layering effects on the harmonic and transient structural response. The
considered transient loads are the aerodynamic and the seismic excitation.
The presented applications involve gravity-base foundation and therefore the results
are valid for shallow slabs. The soil configuration is represented by a layer over an half
space. This is a strong simplification, but it provides better results and clear general
conclusions. Nevertheless, the presented methods can deal with horizontally multi-
layered soil and both bedrock and half-space bottom conditions. Sloped interfaces
between layers are not considered as well as isolated inhomogeneities and inclusions
within the soil.
For this research work a rigorous and an approximate method are chosen and com-
pared. The rigorous method consists of the coupling between the finite- and the
boundary-element method (FEM/BEM). The main advantage of the FEM/BEM is that
the radiation condition is automatically satisfied and the problem size is reduced by
one, as only the interface between soil and structure must be taken into account. Be-
sides the FEM/BEM method, the foundation-soil system is approximated by means of
a mechanical model of springs, dashpots and masses, also called lumped-parameter
model (LPM).
The final purposes of this study are:
• to estimate the actual significance of the SSI effects on the dynamic response of
onshore wind turbine, focusing on layered soil;
• to show the effect of seismic input motion amplification due to soil stratification;
• to provide a knowledge basis for practitioners, designers and researchers about
soil-structure interaction effects;
• to lay the foundation for future proposals for standard design criteria regarding
the soil-structure interaction, which is currently left to good engineering practice.
1.4 Outline of the Thesis
This dissertation is structured around two main parts: a frequency-domain investiga-
tion for the analysis of the SSI influence on the steady-state response of WT and a
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time-domain block for the study of simultaneous occurrence of power production and
earthquake. Subsequently, an effort has been made to derive practical conclusions for
design (Ch. 7).
Ch. 2 provides a general background on soil-structure interaction analysis. After a
general introduction, a review of the most common methods is given along with a
comparison between rigorous and simplified approaches. The section about seismic
environment and site effects is of particular importance for this research work.
In the first part of Ch. 3, the main structural parts of wind turbines are outlined and
the load environment is described. The second part involves common wind turbine
modeling approaches and the computation of aerodynamic loads needed for transient
analysis. Here, some indispensable assumptions are addressed, namely, that the aero-
dynamic loads may be derived independently of the seismic motion, and the system
remains linear.
Ch. 4 presents the numerical methods applied for the present investigations. A rigor-
ous and an approximate approach are chosen. The first is the coupling between the
boundary element method (BEM) and the finite element method (FEM). The second
is the pure finite element method, where the foundation-soil system is approximated
with a nested lumped parameter model (LPM).
In Ch. 5 the turbine-soil system is investigated through external point loads, obtaining
the steady-state response in frequency domain. The focus lies on the tower bending
modes, which are called fore-aft and side-to-side bending modes. Several soil param-
eters are varied within a reasonable range and their significance is assessed. Here, the
coupling between the finite element method and the boundary element method ensured
the versatility and accuracy of the modeling process. A particular attention is posed
on the dependency of the natural frequency of the system from the different type of
underlying ground configurations.
In Ch. 6 the applicability of the simplified models (LPM) in time domain was shown.
After validating the LPM against the rigorous model, a seismic transient analysis was
carried out, including SSI, seismic and aerodynamic loading. Three scenarios are con-
sidered: idling conditions, normal operational state and emergency shutdown.
Finally, Ch. 7 summaries the main conclusions for practical design and an outlook on
further research.
92 Soil-Structure Interaction Issues
The following chapter contains an overview of soil-structure interaction issues in struc-
tural dynamics. It also presents the research historical development, examining in
depth the state-of-the-art for layered soil. Finally, the site effects on the seismic exci-
tation are briefly described.
2.1 Overview
Soil-structure interaction (SSI) analyses assess the interplay of two coupled systems:
the structure and its underlying soil. In general, these two systems are connected to
each other through the foundations. SSI effects can be defined as the difference be-
tween the response of a building-soil system and the response of the building as rigidly
constrained at its base. The latter case is a purely theoretical condition and does not
exist in reality, but it is commonly assumed in practice.
An overview of the soil-structure interaction objective is represented in Fig. 2.1. The
actual structure can be represented by a multi-degrees-of-freedom system, made up
of different parts, involving several materials and non-linear phenomena. The un-
bounded soil can be considered as a linear visco-elastic medium, which acts as an
energy damper. The external loads applied to the actual structure arrive to the soil
in the form of waves, which propagate towards infinity. Alternatively, seismic waves
originate inside the soil and travel towards the soil-structure interface, where a first
part of the energy passes to the structure and a second part is reflected backwards.
The wave pattern is further complicated by the presence of layers (or other inhomo-
geneities), which cause scattering and diffraction. The radiation condition, that is the
energy propagation towards infinity, is a crucial aspect of SSI analysis and it is what
distinguishes soil dynamics from structural dynamics [106].
The SSI is responsible for two main effects:
• Kinematic Interaction: due to the presence of a stiff foundation, the SSI causes
the input motions to deviate from the free-field motions, if the propagating seis-
mic waves are inclined and the foundation embedded. This phenomenon de-
pends on the foundation geometry as well as the waves characteristics and acts
as a filter on the incident waves. It is accounted for by means of transfer func-
tions computed for the massless foundation.
• Inertial Interaction: due to the inertia, a vibrating structure becomes a load-
ing source for the soil, giving rise to displacements and rotations at the soil-
foundation interface. As a consequence, the compliant soil deforms and reacts,
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Figure 2.1: Soil-structure interaction overview.
thus contributing to overall structural flexibility. Moreover, the presence of an
infinite sub-system leads to energy dissipation via radiation damping and hys-
teretic soil damping, which can significantly affect the overall system damping.
In SSI analysis it is essential to estimate all the possible acting loads, with their dy-
namic characteristics, to define an accurate soil profile and identify the structural ele-
ments and their role. Even by possessing all the necessary pieces of information, sev-
eral idealizations have to be made. As a consequence, SSI effects may be smaller than
the error due to the introduced assumptions. The more complex and sophisticated the
model is, the more likely the analysis can get to a loss of physical insight. Therefore,
a challenging task is to achieve a ultimate sophistication of the model, maintaining the
possibility to interpret the results with simplicity and rationality.
Parametric studies are essential for gaining a deeper understanding of the SSI, as they
allow for a larger spectrum of investigation. Rigorous as well as simple approaches are
already available and the choice of the method depends only on time availability and
required accuracy. Nowadays, thanks to the increasing accessibility of computational
power, it is possible to model SSI effects at a very high complexity level. The missing
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step is the transfer of such an advanced scientific know-how in the everyday practice.
2.2 Historical Developments
The soil-structure interaction research field is strongly related to the classical topic
of waves propagation into elastic infinite media, which drew the attention of several
mathematicians, engineers and seismologists in the late 19th century. Cornerstones
are the works of Stokes, Boussinesq and Cerruti, who form the base for the boundary
value problems involving an elastic body surrounded by both Dirichlet and Neumann
boundaries. Rayleigh [85] studied the vibrations of a free surface of a semi-infinite
medium, discovering a special type of wave, which causes the ground to shake in an
elliptical motion. On the wake of these important developments, Lamb’s work [60]
found the solution in two and three dimensions for the problem of vibrations of the
surface of a semi-infinite isotropic elastic solid. Lamb’s work contained seeds for the
later developments from Mindlin [72] and Cagniard [19] in 1936 and from many other
mathematicians and engineering scientists during the 1940s.
The solutions of the wave propagation problem found first applications in the field
of the dynamics of machine foundation, also called foundation-soil interaction (FSI).
An extensive picture of the early studies in this area can be found in Gazetas [34].
Reissner [86] explored the behavior of circular disks on elastic half-spaces subjected
to time-harmonic vertical loads. He disclosed the previously unknown property of the
soil to radiate the wave energy to infinity and behave like a viscous damper. During
the 1930s, Sezawa and Kanai [95] considered the beneficial effects of SSI, regarding
the severity of the motion in the structure. The topic was resumed in 1957 by Merrit
and Housner [71] who came across with the kinematic interaction and its effects on the
motions in the vicinity of a relatively rigid structure.
During the 1950s several approximated solutions for circular foundations on half-
space were published by Sung [97], Arnold et al. [7] and Bycroft [18], who assumed
frequency-independent contact stress distributions at the soil-foundation interface. Ac-
tually, the contact stress distribution varies with the vibration frequency and the mo-
tion of a body resting on a continuum involves a mixed boundary conditions problem.
These conditions are zero-stress at the free surface of the medium and a prescribed
pattern of displacement under the footing.
The first rigorous works appeared with Awojobi [9], Lysmer [68] and Elorduy [29] in
the 1960s. They studied the steady-state response of rigid footing-soil systems, pre-
senting the results in terms of displacement functions, the ratio between the steady-state
generalized force and the resulting displacement at the base of a massless foundation,
expressed as a function of the excitation frequency. The determination of these dis-
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placement functions, also called dynamic impedances or stiffness functions, constituted
one of the most important step in SSI analysis.
Let us analyze the displacements of a circular footing lying on a compliant soil sub-
jected to a vertical harmonic force. As the applied force and the consequent displace-
ments are generally out-of-phase, the vertical dynamic impedance functions can be
expressed as following:
K = K0(a+ ia0b) (2.1)
where a0=ωR/cs is the dimensionless frequency, R the radius of the circular footing
and cs the shear wave velocity of the soil, which can be expressed also in terms of
shear modulus Gs and bulk density ρs, as cs =
√
Gs/ρs. K0 is the static stiffness of
the foundation-soil (FS) system. The coefficients a and b can vary markedly, depending
on several parameters of the FS system, such as geometry, material properties and soil
configuration.
The impedance function can be split into two parts: the real part reflects the stiffness
of the underlying soil, while the imaginary part accounts for the damping effects, both
material and geometric damping. At zero frequency the imaginary part disappears and
the impedance coincides with the static stiffness K0.
Beside the rigorous theoretical methods, it was found that the behavior of the FS sys-
tem could be approximated as a mass-spring-dashpot oscillator. The idea to convert
the problem into a mechanical model of spring and dashpot appeared for the first
time with Hseih [44] in 1962. This simplification represented the foundation-infinite
medium system through a more common idealizations in structural dynamics, regu-
larly used in the civil engineering in the 1960s. It was found that the application of
these spring-dashpot analogs, also called lumped parameter models (LPM), leads to
close results to the ones provided by rigorous solutions. The Hseih’s spring-dashpot
model is also known as Lysmer’s analogue, after the work of Lysmer and Richart [69]
in 1966. They considered linear elastic and viscolelastic systems loaded with a har-
monic vertical force Pz(t) = P0zeiωt, as shown in Fig. 2.2. Using curve fitting
techniques Lysmer obtained a frequency independent static spring value for the soil,
kz=(4GsR)/(1 − νs). He found out that for a dimensionless frequency a0 between
0 and 1 a value of cz =
√
ρsGs(3.4R
2)/(1 − νs) for the dashpot coefficients can be
assumed.
The Lysmer’s analogue is the simplest LPM, because it represents the soil trough just
two free parameters and gives good results for the low and medium frequencies. In
general an additional mass parameter m is included in order to reproduce as closely as
possible the actual response of the total dynamic system. One should not confuse this
additional mass with an identifiable mass of the soil, which moves in-phase with the
foundation. It is rather a fictitious expedient which helps to match a better fit between
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Figure 2.2: Lysmer’s analog.
the dynamic stiffness of the LPM and that of the actual soil. The Lysmer’s analogue
was extended to all modes of vibration of the foundation, that is horizontal, vertical,
rocking and torsional modes. The cross-interaction between horizontal and rocking
vibrations was also studied. The results of these investigations are reported in [103],
[88], [89]. LPM can be improved by adding more free degrees of freedom (DoF), that
is by increasing the number of free parameters.
During the 1960s, several contributes on soil dynamics, machine foundation dynamics
and earthquake engineering were merged together in order to investigate the perfor-
mance of completed soil-structure systems under dynamic excitation of different na-
tures [1, 32, 23, 22]. New elegant mathematical techniques were developed by Luco
and Westmann [67] and by Veletsos and Wei [99] in 1971. They provided a closed-
form solution for the mixed boundary-value problem, which applied to an ideally elas-
tic, homogeneous, isotropic half space. Furthermore, Luco [65] and Gazetas [33] ex-
tended the investigation to the layered half space and presented analytical solutions
for circular, strip and rectangular footings. The work of Gazetas, together with Oien’s
[77] and Kausel’s [56] theses, belong to a series of important dissertations, which throw
light on the role of several parameters in SSI problems and act as pathfinders through
the newly developed computational approaches.
In summary, Oien studied the steady motion of a plate in contact with an elastic half
space under the excitation of plane harmonic waves by expanding its motion in terms of
a series of natural modes. Chang presented an investigation of strip footing embedded
in a soil stratum overlying a bedrock. Kausel, in the wake of Waas [101], solved a
three dimensional SSI problem with a semi-infinite layered stratum, exploring new
numerical techniques. This latter work leads us to the contemporary era in SSI.
Between the mid 1960s and the mid 1970s the history experienced the beginning of
the digital era and the entry of the numerical methods. On a parallel path to the an-
alytical approaches, and perhaps in a faster lane, numerical procedures became very
popular (and in some cases essential) within the SSI research area. The use of com-
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puters acted as a springboard and a very significant advancement in the development
of sophisticated techniques spread hugely during the 80s and 90s.
The first employed numerical methods in SSI were the finite element method
(FEM) [117] and the boundary element method (BEM) [27], the former of which
took much less to establish itself. As a matter of fact, the FEM has found immedi-
ately a large employment in computational mechanics for its suitability for nonlinear
structures and anisotropic materials. However, if standard FEM is used to model the
structure including a portion of the underlying soil, it produces considerable inaccu-
racy. With FEM, the infinite soil is modeled by means of a finite domain, therefore a
boundary for the analyzed system is introduced, whether a natural bounding line (such
as a soil-bed rock interface) exists or not. In disagreement with the radiation condition,
this boundary reflects waves from infinity into the SS-system. In other words, the FEM
fails on representing the real endless dimension of the soil because the energy is not
transported to infinity. A possible solution would be to take this bounding line away
from the foundation at a sufficient distance. This leads to a model with a large number
of elements and the run time could become prohibitive.
Kausel [56], following Lysmer [70], developed special boundary conditions which
could simulate the vanishing property of the energy at infinity. These special types of
boundary go under the name of silent, consistent or transmitting boundary. Nowadays,
the FEM for SSI can be considered obsolete and a large number of artificial bound-
aries, combinable with FEM, have been developed: among the most well-established
approaches there are the viscoelastic boundaries, the paraxial boundaries, the perfectly-
matched layer and other equivalent techniques. These boundaries must apply to all
three types of waves (P-, S- and Rayleigh waves). Alternatively, the unbounded soil
can be modeled by means of infinite elements [11], based on a similar concept and
formulation to those of the FEM apart from the geometrical decay of the displacement
shape functions, which fulfill the radiation condition to infinity.
Finite element techniques entail a one-stage analysis for the SSI system and fall into
the category of direct methods, which in general give accurate results only for a suf-
ficient extensive and computationally expensive model. In contrast, if the system is
analyzed in two stages, treating the sub-systems separately, that leads to a substructure
method: the irregular, bounded and eventually non-linear structure can be modeled by
FEM or other procedure for introducing a finite number of degrees of freedom, while
the soil can be model by means of analytical or semi-analytical methods, which in-
corporate straightforwardly the radiation condition. The differential equations of the
wave propagation problem for the soil can be exactly solved and the fundamental so-
lutions can be used to formulate boundary-integral equations. Those equations, once
discretized, lead to the boundary element method (BEM).
One of the pioneers of the BEM was Dominguez [27], who applied it to the foundation
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mechanics problems. The BEM was employed rather intensively during the 80s and
the 90s in both frequency domain (FD) and time domain (TD). The complexity of the
solved tasks reached such a level that embedment and flexibility of foundations as well
as viscoelasticity and stratification of the soil could be accounted for. In more detail,
with the BEM only the boundary needs to be discretized, thus reducing the size of
the spatial problem by one, which means simpler geometry and less unknowns to be
calculated. For applications which require a discretization of infinite boundaries (e.g.
the free surface of a half-space), if a full-space solution is used, a cut-off in the dis-
cretization domain is generally necessary. This implies some error at the cut-off points;
however, in most cases the error becomes negligible as the distance increases. To com-
pensate for such deficiencies, Green’s Functions for the half-space may be used so that
the zero-stress surface is directly accounted for in the fundamental solution. Doing so,
the discretization is limited to the area with different condition than zero-stresses or
modified geometries with respect to the half-space (embedment or excavation). The
BEM is considered one of the most powerful rigorous method for modeling infinite
domains and furthermore it lends itself easily for the coupling with other methods. It
has also shortcomings: it requires the knowledge of the fundamental solution for the
specific problem, which is not always available.
Of interest is also the thin layer method (TLM), developed by Kausel [54], classi-
fied as a semi-rigorous modeling procedure. It is an efficient semi-analytical method
which accounts for stratification, including reflection, refraction at the layer boundary,
dispersion and geometrical damping. It is exact in the layer stratification direction,
the horizontal one, but approximated in the vertical one. The TLM is implemented
in PUNCH [56], a powerful program for the computation of the Green’s function for
layered media, which has been successfully applied in the past to practical situations.
The state-of-the-art leads to a more recent approach, called scaled boundary finite el-
ement method (SBFEM), developed by Wolf and Song [110], that can be classified
as neither BEM nor FEM, but which possesses the advantages of both methods, thus
avoiding some of their shortcomings. Unlike the BEM, no fundamental solution is
necessary, singular integrals are avoided and no fictitious natural frequencies occur for
an unbounded soil. Compared to the FEM, the dimension of the problem is reduced by
one since only the boundary is discretized with surface elements, the radiation condi-
tion at infinity are exactly satisfied and only an approximation of the surface elements
on the boundary remains. Along with its advantages, the SBFEM exhibits also some
shortcomings: sub-structuring for unbounded domains is limited, and for specific ge-
ometries only an approximate representation of the soil satisfying scaling is possible;
an eigenvalue problem must be solved, unlike FE and BE methods, therefore for stan-
dard bounded media with smooth stress variations other methods are better suitable; for
the unit-impulse, response matrices in the SBFEM are calculated first and not directly
16 2 SOIL-STRUCTURE INTERACTION ISSUES
processes, like for the BEM.
A recent alternative technique for the computation of Green’s functions in strat-
ified media is called precise integration method (PIM), and it was developed by
Zhong [116]. For layered soil, the spectral method transforms the wave motion into
the wave number domain, so that it is only necessary to solve the resulting ordinary
differential equations with two parameters, the frequency and the wave number.
The choice of one approach among the others depends in general on the project size.
Semi-rigorous methods, such as BEM and SBFEM, should be used only for critical
structures and risky situations, where high accuracy is required. In standard projects,
the SSI effects can be included by means of simple models such as LPM, cones models
or FEM with absorbing boundaries. These simple solutions represent an economic and
versatile tool for rough but realistic estimations at the first design stages.
2.3 Previous Works on Layered Soils
In the framework of analytical or semi-analytical formulations, much effort has been
successfully dedicated to the wave propagation problem for the isotropic homogeneous
elastic soil. On the contrary, analytical solutions for the case of heterogeneous media
have not been found yet. As an alternative, it is convenient to make use of numerical
methods.
A common way of solving layered soils is to consider a combination of adjacent homo-
geneous domains and apply the necessary equilibrium and compatibility conditions at
the interfaces of those domains. This research line was first introduced by Waas [101],
who studied the problem of a layered half space assuming infinite horizontal extent of
the strata.
Liang [21] studied the effect of layer thickness by means of FEM combined with ab-
sorbing boundaries. He found that, depending on the soil properties, the case of a
stratum over bedrock may converge to the half-space solution and therefore it could be
accounted for through appropriate correction factors.
Kausel and Peek [55] presented an explicit solution for the Green functions corre-
sponding to dynamic loads acting on or within layered strata. The solution is based on
a discretization of the medium in the direction of layering, which results in a formula-
tion yielding a closed-form evaluation of the integral transforms.
Based on Haskel-Thompson transfer matrix method, Kausel and Roësset [57] proposed
a method to derive layer stiffness matrices. These matrices are readily applicable in
combination with condensation and substructuring techniques.
Wong and Luco [111] presented tabulated values for the horizontal, rocking, vertical,
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torsional and coupling impedance functions for a square foundation resting on layered
soil. Their approach relied on integral equations, involving Green’s functions for the
layered medium computed as described by Apsel [6].
Gucunski [35] investigated the effect of foundation rigidity with respect to the layer
stiffness. An important parameter was found to be the stiffness ratio Sr=Eph3/GsR3,
where Ep is the Young’s modulus of the foundation plate and h its thickness. If Sr is
bigger than ten, the foundation can be considered as rigid.
With the aid of a BEM formulation, Karabalis and Mohammadi [53] found out that
the foundation-soil interaction phenomena become more pronounced where the sup-
porting soil medium is made up of relatively shallow layers close to its surface. The
phenomenon entity depends on the relationship between thickness of the layer and
foundation dimension.
Almeida and De Pavia [4] made use of the three-dimensional Kelivn solution for the in-
homogeneous soil and investigated several building systems through FEM/BEM tech-
nique. They saw that the influence of the soil properties variation with depth is relevant
for a realistic analysis of buildings.
Savidis et al. [93] investigated the interaction between structures on layered soil; the
mixed boundary value problem was solved numerically using influence functions for
the layered soil. These functions were computed with the aid of the thin layered
method (TLM). Again, it was shown that the presence of a layered soil influence con-
siderably the structures response.
2.4 Seismic Environment and Site Effects
The first step of any soil-structure interaction analysis involving earthquake is the esti-
mation of the seismic ground motions. Both engineers and seismologists develop their
models on the base of past records with the aid of analytical and empirical expres-
sions. Thanks to the large amount of strong motion recordings in the last decades, a
deeper insight into the physical phenomena has been gained. The elaboration of strong
motion data have enabled important research progresses in the understanding of seis-
mic fault physics, wave propagation patterns from the epicenter to the surface and soil
amplification effects due to the ground stratification. However, due to aleatory and
epistemic uncertainties of earthquake events, it is still necessary to make far-reaching
assumptions with respect to the wave pattern.
If a project is planned at a seismic active zone, it is important to estimate the design
ground motions including possible site effects, such as wave amplification (or attenu-
ation) and topography issues. It was proved by Pitilakis et al. [79] that the impedance
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ratio between surface and underlying deposits as well as the soil stratigraphy represent
important factors for the estimation of design ground motions.
For the prediction of these effects there exist mainly three approaches: analytical
formulations involving one-dimensional wave propagation theory, empirical formu-
las based on geo-seismological analysis, or numerical methods implemented in special
programs like SHAKE [45].
The one-dimensional ground response analysis is a simple accurate approach for pre-
dicting the free field motion at the soil surface, based on the available motion at the
base of the layers. If the motion at the top of an homogeneous half space is known,
then the soil deposit on the top of it can be accounted for by modifying the motion
signal through transfer functions. The main assumptions are a horizontally layered
soil and predominant SH-waves propagating vertically. This approach was proved to
predict the free field motion with a satisfactory accuracy [58].
The one-dimensional ground response analysis will be explained hereafter with the
help of Fig. 2.3, after a brief depiction of empirical and numerical approaches.
Empirical approaches are widely used in the engineering practice, where the seismic
risk at a specific site is given by a standard probabilistic approach for seismic hazard
assessment. This goes by the name of probabilistic seismic hazard analysis (PSHA)
and correlates empirically the local ground conditions to a seismic design spectrum.
Recent version of standard codes incorporated the site effects by proposing different
design spectra for the soil classes. The site classification is generally based on the
mean value of shear wave velocity the last top thirty meters of soil. This is a rather
simplified approach, which cannot take into account soil layering.
Numerical approaches are necessary when the soil exhibits non-linearities and complex
wave patterns. In fact, in this case, it is not possible to apply analytical expressions,
which are valid only for linear soils.
In this thesis, the soil was idealized as a horizontal layer over an infinite half space
and it was assumed to remain linear. Therefore, the one-dimensional ground response
analysis was used.
An important analysis requisite was the knowledge of the strong motion at the top of
the homogeneous half, also called outcropping motion. This can be estimated using
strong motion records or synthetic accelerograms. The former are recorded accelero-
grams which contain all the geologic, tectonic and sub-surface pieces of information.
The latter are generated from broad and smooth spectra, which are based on empirical
site-specific PSHA and contain seismic energy at all frequency contents. There are
advantages and disadvantages in both approaches and the choice depends on the soil
under consideration [15].
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Figure 2.3: Representation of free field point (A), control point (B) and assumed wave pattern.
At first, one select an appropriate control motion at a specific control point, which, in
this case, is the surface of an outcropping half space with given mean value of shear
wave velocity. Thus, this control motion can be used to estimate the free-field motion
at the surface of a layer lying on the half space, using the wave propagation theory.
Knowing the control motion at the control point B and assuming vertically propagating
S-waves, it is possible to compute the free field motion at point A. Note that, the
control motion caused by the earthquake at the stress-free half space outcrop (point
B) is different from that at the same location in the presence of a top layer (point C).
For vertical incidence, the amplification factors for S-waves are identical both for in-
plane (SV-waves) and out-of-plane (SH-waves) polarization. The following discussion
focuses on S-waves amplification. For P-waves, the same formulation would also apply
if the dilatation wave velocity cp was introduced in place of the shear wave velocity cs.
The impedance of the elastic half-space, as seen from its surface, can be defined as:
KHS = iωρHScHSs (2.2)
where cHSs is the shear wave velocity, ω is the excitation frequency and ρ
HS the density.
Introducing the parameter D0 = ωD/cLs , where D is the thickness of the layer and c
L
s
its shear wave velocity, the dynamic equation for a layer over an elastic half-space is
then {
cos(D0) −1
−1 cos(D0) + i 1χsin(D0)
}{
uA
uC
}
=
{
0
i sin(D0)
χ
}
uB (2.3)
where
χ =
ρLcLs
ρHScHSs
(2.4)
is the impedance ratio. The solution of the problem yields{
uA
uC
}
=
1
cos(D0) + iχsin(D0)
{
1
cos(D0)
}
uB (2.5)
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from which the amplification factor uA/uB, also called transfer function to the free
surface, can be computed as
uA/uB =
1
cos(D0) + iχsin(D0)
(2.6)
with absolute value equal to
uA/uB =
√
1
cos2(D0) + χ2sin2(D0)
(2.7)
Material damping can be accounted for by replacing the P- and S-wave velocities by
the following complex values
c∗p = cp
√
1 + 2ξ2p (2.8)
c∗s = cs
√
1 + 2ξ2s (2.9)
The impedance ratio χ is a measure of the seismic energy which feeds back into the
half space, and it is related to the radiation damping. At the stratum natural frequen-
cies, the amplification factor reaches the maximum, exhibiting resonance. In case of
material damping, the maximum values decrease with increasing frequency. The reso-
nant frequencies of the stratum play an important role in site effect analysis and were
found to be related to building collapses during major earthquake events, such as in
San Francisco in 1957 [16].
This procedure can be used to modify the available control motions for obtaining the
free-field motions at the surface on the top layer. This can be done in x-, y- and z-
direction, assuming vertically incident SV-, SH and P-waves.
Fig. 2.4 shows the flow chart of the one-dimensional ground response analysis. The
plots refer to a soft layer with shear velocity equal to 100 m/s over an elastic half space
with shear velocity equal to 200 m/s. The layer has a thickness of 54 m. For both layer
and half space, the values of damping ratio, Poisson’s ratio and density are 1%, 0.3 and
2000 kg/m3 respectively.
Note that the amplitude of the amplification peaks cannot reach infinity, as the denomi-
nator is always greater than zero, even for zero soil damping. The presence of an elastic
half space affects the amplification factor in a similar way to the damping ratio of the
soil. The frequency content of the signal is also modified. In fact, the Fourier ampli-
tudes of the free field motion show a visible amplification in the vicinity of the stratum
natural frequencies. The peaks of the time history of the free field displacements are
slightly higher than the ones of the outcropping half space.
If the layer is softer than the half space the seismic signal is always amplified. This
is shown in Fig. 2.5a, where the amplification factor is plotted for a layer with a shear
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Figure 2.4: Flow chart of the one-dimensional ground response analysis.
wave velocity of 100 m/s over a half space with twice the shear wave velocity value.
Contrarily, if the layer is stiffer (i.e. cLs = 400 m/s), the seismic signal is always de-
amplified, as shown in Fig. 2.5b. Also, Fig. 2.5 shows the effect of the layer thickness
D on the amplification factor. If the thickness increases, the frequencies at which the
peaks occur get closer to each other and shift to the left.
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Figure 2.5: Amplification factor for different layer shear wave velocities and thicknesses: (a)
cLs = 100 m/s; (b) c
L
s = 400 m/s.
The described aspects were relevant for this thesis and were considered for the time-
domain investigation presented in Ch.6.
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3 Structural Behavior of Onshore Wind Turbine
During the last decades the dynamic market of the wind energy has led to high-
performance large wind turbines (WT), which have been ceaselessly improved from all
points of view. Indeed, the efficiency of a WT depends on the performance of all com-
ponents, from the tip of the rotor blades to the underlying ground. The optimization
of modern wind turbines is strongly based on numerical simulations, which involve
several fields of research, and the modeling of the complete system still represents an
open task.
The following section presents the main parts of a wind turbine and their structural
roles. It follows an overview of the available modeling methods with focus on the
seismic response of the structural system. The load environment is analyzed, paying
particular attention to the computation of aerodynamic loads.
3.1 Structural Parts
A WT is a device for the transformation of wind power into electricity. As shown
in Fig. 3.1 it is made up of four main parts: foundation, tower, nacelle, and blades.
Making use of the aerodynamic principles to capture the wind’s energy, the blades
rotate spinning a generator in the nacelle. The latter contains the gear mechanism
and the generator for the transformation of wind energy into electrical energy and it is
supported by a slender tower.
As the wind speed increases with height in a logarithmic way, modern wind turbines
are constantly increasing in size. Therefore, tower height plays a major role in produc-
tion capacity. However, the size of a WT is strongly limited by structural issues, which
may lead to inconvenient design. Concerning the mechanical functioning, if the blades
are connected to a vertical shaft, we refer to a vertical-axis turbine (VAWT), other-
wise if they are connected to a horizontal one, the machine is a horizontal-axis turbine
(HAWT). A HAWT can have the rotor positioned in the front of the unit (upwind) or on
its back side (downwind). The upwind HAWT is the most common modern typology
and therefore this work focuses on this type of system. In the following paragraphs
the components of a HAWT are briefly described, paying attention to load transfer
between connected parts.
3.1.1 Tower Head
The tower head is the assemblage of blades, hub and nacelle. The rotor blades are
mainly made of composite materials with glass or carbon fibers. Their special shape
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Figure 3.1: Components of a horizontal-axis wind turbine.
causes a pressure jump between the lower and the upper side, generating aerodynamic
forces. These cause the blades to spin around the rotor axis and the rotations are trans-
ferred to the generator through the shaft, which connects hub and nacelle. The shaft is
subjected to rotor fluctuating moments and an axial thrust force directed upwind. This
force deflects the blades out of the rotor plane in the downwind direction, therefore it
originates a moment along the blade called flapwise bending moment. Tangentially the
force component which acts in the rotor plane causes the edgewise bending moment.
Additionally tilt and yaw rotor moments tend to turn the nacelle over and about the
tower axis respectively.
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Figure 3.2: Terminology of an horizontal-axis wind turbine.
(a) (b)
Figure 3.3: Tower head coordinate system and loading actions.
In addition to the mentioned rotor loads, the tower head is subjected to constant self-
weight. For the terminology overview, one may refer to Fig.3.2. Here, the reference
coordinate system for the tower head is taken fixed to the top of the tower and it does
not yaw with the nacelle. The tower head forces and moments transferred from the
nacelle to the tower are referred to as pitch/fore-aft and roll/side-to-side, as shown in
Fig. 3.3a and fig 3.3b respectively.
3.1.2 Tower
The main role of the tower it to transfer the tower head loads to the ground level. It
can be made of different materials and shapes, for example steel tubular, lattice truss
structure or reinforced prestressed concrete elements. In the majority of cases, it is
constructed from steel and shaped as a conical shell with a very modest taper, to avoid
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Figure 3.4: Tower coordinate system for an upwind HAWT.
instability.
The main design considerations for the tower dimensions are buckling, strength under
extreme and fatigue loads and stiffness requirements for tuning the natural frequency.
Towers with a first natural frequency higher than the blade passing frequency are cate-
gorized as stiff. Stiff configurations allows the rotor to reach full speed without running
into resonance. However, stiff towers require extra material and result to be inconve-
nient. Alternatively, soft towers exhibit a natural frequency between the rotational
frequency of the rotor and the blade passing frequency and represent a convenient
compromise between stiffness and strength requirements.
The tower structure is subjected to constant loads, such as self-weight, weight of rotor
and nacelle and constant wind loads along the height. It responses dynamically to regu-
lar periodic rotor and nacelle excitation, tower shadow and vortex as well as stochastic
turbulent forces. Fig. 3.4 shows the tower coordinate system assumed throughout this
thesis.
3.1.3 Foundation
Finally, the foundation connects the tower to the soil, with different possible configura-
tions such as plain slab, anchored embedded foundation or piled foundation. Focusing
on the plain slab foundation the design is largely driven by the tower overturning mo-
ment under extreme wind conditions. The required foundation size depends on the load
carrying capacity of the sub-strata. According to the GL rules [25], if the condition of
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positive stresses over the whole loaded area during operation is required, then the max-
imum overturning moment must be lower than one sixth of the product between total
gravity load and slab width [17].
3.2 Load Environment
The design of wind turbines involves ordinary and extraordinary events. The first
category includes normal wind conditions and control actions. While extreme winds,
storms, earthquake and abnormal control events belong to the second category. The
wind source, the main control mechanisms and the seismic loads are relevant for this
thesis and are described hereafter.
3.2.1 Wind Load
Wind loads, being the primary load source for a WT, are characterized by geographi-
cal and temporal variability in both large and small scale. The wind variation within
different time ranges, namely annual, seasonal and diurnal, is a crucial parameter dur-
ing the planning phase of a wind energy plant. As a matter of fact, the predictability
governs the estimation of the wind power amount supplied into the network.
The wind fluctuations can occur also within the range of minutes or even seconds,
giving rise to the so called turbulence phenomena. This corresponds to the highest
frequency peak of the wind speed spectrum and it is caused by friction of the air with
the terrain and by thermal effects. The turbulence can be treated differently than the
low frequency variations and play a major role on the prediction of the design loads
and structural performances. If an average wind speed is calculated based on annual,
seasonal and diurnal variations, the turbulence can be considered as an additional fluc-
tuating contribute with zero mean, averaged over ten minutes. It is a physical chaotic
phenomenon and can be formulated by means of a differential problem with certain
initial and boundary conditions. However, in order to avoid large prediction errors it is
in general described with the aid of a statistical model.
Presently standard codes tend to employ a stochastic representation of the wind in
place of deterministic models, providing a more realistic description of the wind itself.
Fig.3.5 shows the three-dimensional wind field at the hub height of a 5 MW reference
turbine [51] for a mean wind speed of 11.4 m/s and the corresponding rotor speed in
rpm.
In the norms, the wind conditions are divided into two categories: normal and extreme.
The normal case refers to the operational state characterized by wind speeds in the
range between the speed at which a WT starts generating electricity (cut-in) and the
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Figure 3.5: Three-dimensional wind field at the hub height of a 5 MW reference turbine for a
mean wind speed of 11.4 m/s and corresponding rotor speed in rpm.
one at which a WT shuts down to avoid damage (cut-out). The extreme case is defined
in terms of the highest wind speed occurring with a 50-year return period.
For ultimate load cases, normal and extreme wind conditions are combined with ordi-
nary and fault machine states. A fault state occurs rarely and it is not combined with
extreme wind conditions, as the return period of such an occurrence would be much
bigger than the design life-span of 20 years.
3.2.2 Control Systems
Control and regulation issues ensure an operational service within the desired and safe
range of rotational speeds, inclinations of the blades to the wind and power outputs.
Three techniques may be used in order to ensure the optimal conditions:
• Stall regulation: the WT operates at an almost constant rotational speed and an
increasing angle of attack with the increasing wind speed. The tips of the blades
are turnable and can be activated by the centrifugal force to break the rotor.
• Pitch regulation: the angle of attack along the entire blade length, and thus the
power output, can be opportunely changed. The power can be decreased by
pitching the leading edge of the blade up against the wind.
• Yaw control: the rotor is turned out of the wind by means of a misalignment
of the nacelle with respect to the oncoming airflow. In this way less air passes
through the rotor disc and the power extraction is reduced.
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These aspects were included in the model used in Ch. 6; however they were not con-
sidered as analysis parameters.
3.2.3 Seismic Load
In seismically active areas, the design must be verified also for the seismic load combi-
nations. In more detail, referring to the ASCE/AWEA regulations [107] , the suggested
“best practice” combinations including earthquake are for an operational load equal to
the greater between the following:
1. loads during normal power production at the rated wind speed;
2. characteristic loads calculated for an emergency stop at the rated wind speed.
This assumes a certain likelihood of earthquake occurrence during normal operation,
which could eventually lead to an emergency stop. Similarly, for the International
Electrotechnical Commission (IEC) [47], the earthquake loading must be superposed
with operational loading equal to greater between the following:
1. loads during normal power production by averaging over the lifetime;
2. loads during emergency shutdown for a wind speed selected so that the loads
prior to the shutdown are equal to those obtained in 1.
These two prescriptions are slightly different. However, one may generally interpret
that, for the seismic load combination, the earthquake load must be combined with a
representative operational load for normal power production or emergency shut down.
As prescribed in the norms, the seismic loads must be determined according to local
building codes and the seismic load combination may be assumed in conformity with
certification agency guidelines or according to engineering best practice. There are
mainly three type of seismic analysis: the equivalent static lateral forces, the modal
response spectrum analysis and the response history analysis with the use of ground
motions.
The representative operational load can be extrapolated from a sufficient number of
transient simulations through an averaging technique, i.e. taking the mean of the ex-
tremes. Then seismic and operational loads are combined statically with partial safety
factors for all load components set to 1.0.
A very conservative method is presented in the annex C of the IEC [47], where the nat-
ural frequencies higher than the first are neglected and the WT is idealized as a single-
degree-of-freedom (SDOF) system. Once the natural period of the SDOF system is
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determined, a corresponding spectral ordinate is selected from the standard design re-
sponse spectrum. Multiplying the spectral acceleration by the mass of the SDOF, an
equivalent static seismic load is obtained. In this case a standard design response spec-
trum with a damping coefficient of 1% is applied [47].
Standard codes tend to suggest simplified techniques, which are suitable for normal
buildings. However, a more realistic seismic response of wind turbines can be esti-
mated with the aid of combined aerodynamic-structural tools. Nowadays computer-
aided aerodynamic tools are widely used and have become an indispensable support
for design considerations, especially when dealing with non-deterministic phenomena,
such as earthquake and wind. With the aid of these tools it is possible to apply simulta-
neously aerodynamic and seismic loading, in order to obtain a more realistic response
prediction.
This topic aroused the interest of many researchers all over the world. A literature
review can be found in Prowell and Veers [84]. Based on previous investigation, it
was found that seismic design loads are less crucial than standard design loads under
extreme wind conditions [10], (Prowell et al. 2011). Therefore, the load combinations
prescribed by the IEC [47] provide also a seismic safe design.
Also Ritschel [91] compared the loads occurring during earthquakes with the IEC de-
sign loads, for the case of a 60 m-hub-height WT. Modal and transient analyses were
also compared. The earthquake response was covered by the design load at most of the
tower sections. However, a peak acceleration of 0.3 g may be considered the maximum
seismic excitation, a 60 m-hub-height WT can withstand. For the blades, earthquake
loads are much lower (about 70%) than the design loads (governed typically by the
50-years gust load case) and are therefore not decisive. Ritschel found that the modal
approach yields relatively conservative results near the tower base with respect to the
results of transient analysis. This work confirmed the general rule, that a frequency do-
main analysis produces more conservative results than a time domain analysis, because
of the smaller number of considered participating modes. However, in the frequency
domain, phase information gets lost and possible in-phase summation of wind and
seismic signals cannot be detected.
Transient analyses are generally preferred, because of the higher accuracy and the more
realistic representation of the problem. An extensive time domain investigation was
carried out by Prowell et al. [83]. Several earthquake scenarios were considered and it
was found out that, for the chosen seismic level, the tower bending moment may govern
the tower design. Loads are of a similar magnitude for the operational and emergency
shutdown condition. However, in the considered scenarios, an emergency shutdown
slightly reduced the tower base moment. It was therefore shown that an emergency
shutdown may be beneficial during the occurrence of an earthquake, because it may
limit the base moment and lead to a safer seismic response [8].
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According to the norms, in time domain approaches, the seismic shaking starts at an ar-
bitrary time point within the simulation. Depending on this starting time, oscillations
due to wind and seismic excitation may sum up if in-phase or cancel out if out-of-
phase. This can lead to completely different results even for the same wind field and
seismic signals, as shown also in Riechers [90]. The same author also examined the in-
fluence of the earthquake direction with respect to the wind direction. He demonstrated
that it is not possible to ascertain the earthquake direction which gives the maximum
internal forces. Therefore, this parameter must be varied in order to identify the worst
case.
3.3 Wind Turbine Modeling
From the above description, it is clear that a modern WT is a very complex structure
and only relatively sophisticated methods are able to simulate its behavior. A WT
model should take into account the aerodynamics of the rotor, the flexibility of blades,
drive train, tower and soil flexibility, the control system, transient operational phases
and, first and foremost, the interrelation of all these aspects.
In fact, the aerodynamic forces are influenced by the vibrational velocities of the struc-
ture, which in turn depend on the soil deformations. Above all that, non-linearities due
to control algorithms, fault machine states and variation of operational speed prevent
the application of the superposition principle and require non-linear models. Presently,
time-domain methods are the most used approaches for wind turbine design and a large
number of aerodynamic computational tools are available.
From the structural point of view three approaches are mainly used:
• Full finite element method (FFEM) interfaced to an aerodynamic module;
• Modal analysis (MA), in which a simple finite element model is used to compute
the first vibrational modes of the flexible parts;
• Multi-body approach (MBA), where the turbine components are divided into
rigid and flexible and then modeled as rigid links or hinges and joints respec-
tively.
Combinations of the above described methods lead to powerful techniques which in-
crease efficiency and accuracy. In the wind energy community several open-source and
commercial programs are available for the computation of rotor performances as well
as for the analysis of the complete structural model.
From the aerodynamic point of view, almost all programs use the blade element mo-
ment method [39]. In general, it underestimates the performances of the WT and
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over-predicts the peak power; however, it is extensively used in industry because of its
computational efficiency, easy-reading output and flexible application.
Alternatively, fully computerized fluid dynamic analyses or vortex methods based on
potential flow theory may be employed. These are used mainly in scientific fields and
can reach a very high order of accuracy, in compensation for the higher computational
cost and the complexity of application.
Some of the most common aerodynamic tools integrate features for the modeling of
SSI and seismic loads. Generally the SSI effects are included by activating six degrees
of freedom (DOF) at the tower base (one for each vibrational mode) and representing
the 6x6 stiffness and damping matrices through a set of springs, dashpots and masses.
As described in Ch.2, this simplified approach is appropriate for an homogeneous elas-
tic half space, while unsatisfactory for a layered soil. In fact, single springs at mudline
along each DOF cannot account for soil profile non-homogeneities. An overview of
the most common simulation tools and their features is presented in Tab. 3.1.
Table 3.1: Capabilities of common simulation tools for onshore wind turbines.
Code FAST Bladed Flex5 ADAMS HAWC2
Developer NREL [50] GL [42] DTU [36] UTHA [38] RISO [61]
Struc. dyn. MA+MBA MA+MBA MA+MBA FFEM FEM+MBA
SSI 6x6 Single Superlement, 6x6 6x6
stiffness, linear substructure stiffness stiffness
mass and springs method matrix matrix
damping
matrix
FAST [49] is a powerful computational tool for the aerodynamic analysis of horizontal-
axis wind turbines. Through FAST one can obtain internal forces and moments at
several physical interfaces of the structure, i.e. between tower top and nacelle (yaw-
bearing loads). It is an open-source software and characterized by a high customiz-
ability. For these qualities, it was chosen for the investigation included in the present
thesis.
The FAST code employs a combined MBA/MA approach and has five flexible bodies:
tower, three blades, and drive shaft. The nacelle is considered rigid. The tower mode
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shapes are obtained with an external computational tool and then implemented in FAST
in the form of polynomials of 6th order. These mode shapes combined with material
and geometrical properties of the flexible parts give their generalized stiffness.
In the structural model employed for the time-domain in Ch. 6, the rotor system was
idealized as a concentrated mass with inertial properties, which represents the applica-
tion point for the operational loads. These were obtained separately using the program
FAST1.
3.4 Computation of Aerodynamic Loads
It is a common approach to uncouple the tower-foundation structure and the rotor-
nacelle system. From a structural point of view, for a specific wind speed and tur-
bulence class, the rotor-nacelle system transforms the turbolent wind (the input) into
tower top loads (the output). The output of the rotor-nacelle system analysis, that is
the tower top loads, become the input for the second sub-system, which is the tower-
foundation structure.
Also in the framework of this thesis, it was necessary to treat aerodynamics and SSI
separately. This was due to the inadequacy of aerodynamic tools to account for non-
homogeneous soil profiles. The aerodynamic part was modeled with the aid of FAST
and the resulting transient tower top loads were subsequently applied to the SSI model,
subjected to seismic excitation. These transient loads were extracted at the interface
between the nacelle and the tower and are called yaw-bearing loads.
Deriving the aerodynamic loads independently of the seismic motion implies two main
assumptions:
• the aerodynamic loads are not noticeably influenced by the SSI and can be com-
puted for a fixed base tower;
• the system remains linear and the superposition principle is applicable.
The validity of the first assumption depends on the focus of the investigation and the
magnitude of the seismic load. Here, the focus of the investigations lies on the influ-
ence of SSI effects on the seismic response of tower and foundation for large earth-
quakes rather than on the aerodynamics. The considered aerodynamic loads, even
neglecting SSI effects, still contain all the relevant pieces of information about oper-
ational frequencies and aerodynamic load magnitudes for the different states (idling,
normal power production or emergency shut-down).
1Version v7.02.00d-bjj
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In order to account for the influence of different operational states on the seismic struc-
tural demand, three scenarios are considered:
• Idling state: the wind turbine is generally parked with the rotor brake engaged or
with the rotor blades free to spin in the feathered position. This state minimize
the loads on the structure and occurs beyond cut-out wind speeds and for extreme
wind events. As the aerodynamic loads are minimized, they are clearly of second
order with respect to the seismic loads.
• Normal power production: the wind turbine is running and connected to the
electric grid.
• Emergency shutdown: there are different procedures for simulating this event,
for instance through the high-speed shaft (HSS) brake control or generator brake.
For this thesis, the emergency shutdown was performed by switching off the gen-
erator at a specific time, where the tower head acceleration reached its maximum.
The time at which the HSS brake will be deployed was set to a short time in order
to simulate a sudden event.
For each operational state a sufficient number of simulations are needed. Their dura-
tion should be selected to ensure a statistical reliability of the results. Standard codes
require at least six 10-min stochastic realizations for each mean, hub-height wind speed
used in the simulations. For the seismic load combination, only the rated wind speed
must be considered. The seismic signal is usually much shorter than the above men-
tioned 600 seconds. Therefore, for this thesis the analysis duration was set equal to the
time where earthquake and aerodynamic loads were superimposed, plus an initial and
a final phase.
In the current version of FAST, the yaw-bearing loads include the applied aerodynamic
loads, as well as the gravity and inertia loads of the nacelle and rotor. In order to obtain
the pure aerodynamic load (which are needed for the SSI simulations) one may operate
in the following ways:
• time-averaging the yaw-bearing loads in order to eliminate the inertial effect and
subtracted out the gravity load. In this case the time history is not preserved.
• Using a completely rigid turbine and run FAST once with aerodynamics and
once without. Subtracting the two time histories gives a reasonable approxima-
tion of the aerodynamic load. Here the influence of the tower flexibility on the
aerodynamic loads is not taken into account.
The second method allows to preserve the time history of the loads and therefore it was
chosen for the time-domain simulations.
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Figure 3.6: Yaw bearing load along the xp-axis with (wa) and without (woa) aerodynamics.
Fig. 3.6 shows a comparison between yaw-bearing load along xp-axis for a wind tur-
bine with rigid and flexible tower, with (wa) and without (woa) aerodynamics. The
plots refer to the 5 MW NREL reference turbine[51] under normal wind conditions
and for a hub-height wind speed of 11 m/s and level B IEC turbulence. In order to
short down the start-up phase and reach full speed, the rotor speed was initiated to
12 rpm.
Fig. 3.7 shows the collective of the six aerodynamic load functions computed with
FAST. It can be clearly seen that, subtracting the time histories with and without aero-
dynamics (wa-woa), the gravity and inertial terms were filtered, as they were already
accounted for in the SSI model.
3.5 Aerodynamic Damping
In seismic analyses of WT, the uncoupling of the tower-foundation structure and the
rotor-nacelle system is admissible, as the two stochastic phenomena, wind and earth-
quake, can be thought of as independent. However, one important contribution of the
rotor aerodynamics to the dynamic response of tower and foundation is the aerody-
namic damping, which may mitigate the seismically induced loads.
Any structure exposed to wind experiences aerodynamic damping, which is generally
lower than the structural damping. However, for wind turbines, the damping induced
from the rotor during operation is of crucial importance. Superposition of separate ef-
fects on wind turbines (such as yaw bearing loads and earthquake) with the omission of
aerodynamic damping would lead to overestimation of maximum overturning moment
36 3 STRUCTURAL BEHAVIOR OF ONSHORE WIND TURBINE
0 20 40 60 80 100
500
1000
time (s)
F
x
p
(k
N
)
Rig. wa Rig. wa-woa
0 20 40 60 80 100
2000
4000
6000
time (s)
M
x
p
(k
N
m
)
0 20 40 60 80 100
−50
0
50
100
time (s)
F
y
p
(k
N
)
0 20 40 60 80 100
0
5000
time (s)
M
y
p
(k
N
m
)
0 20 40 60 80 100
−3000
−2000
−1000
0
time (s)
F
z
p
(k
N
)
0 20 40 60 80 100
−2000
0
2000
4000
time (s)
M
z
p
(k
N
m
)
Figure 3.7: Collective of aerodynamic loads in the tower-top coordinate system.
and tower top displacements.
Salzmann [92] illustrated in simple words the basics of aerodynamic damping, also
represented here in Fig. 3.8.
When the tower top moves forward, the blades undergo a wind speed increase. This
leads to an extra aerodynamic force opposite to the tower top motion. This is an ad-
ditional thrust acting horizontally in wind direction. Likewise, when the tower top
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Figure 3.8: Representation of the aerodynamic damping.To be read from left to right.
moves backward, this thrust force decreases. Therefore, this additional aerodynamic
force always counteracts and reduces the disturbing tower top motion. This effect can
be termed as aerodynamic damping, as it dissipates the energy stored in the tower top
oscillation and depends on the velocity terms.
An example of aerodynamic damping estimations is provided in Kühn [59]. He showed
time serie of bending moment with and without damping, thus highlighting the rele-
vance of this issues. The aerodynamic damping is higher at a wind speed just above the
rated one, whereas it decreases sharply as the wind speeds increases. The aerodynamic
damping also depends on the natural frequency as well as the modal mass of the tower
and it ranges between 1% of the critical damping, for stiff and heavy tower, and 5%,
for soft and light structures. It must be noticed that, for wind turbine, 5% is several
times the value of the structural damping [98].
If the aerodynamic loads are derived in the absence of the seismic load, it is not possible
to get the effect of the aerodynamic damping on the structural seismic response. To
account for this effect, the aerodynamic damping can be included as extra structural
damping. Kühn [59] showed that this approach leads to reasonable results.
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4 Applied Methods
The first crossroad in the SSI analysis is the choice of the method. As described in
Ch. 2.1 there exist several methods for dealing with the analysis of the unbounded soil,
both in frequency and time domain.
Due to the complexity of the considered problem, analytical solutions are not available
and numerical approaches were pursued for this research work. On the one hand,
rigorous numerical approaches, such as the boundary element method (BEM), ensure
maximum accuracy but result in high computational costs and are usually characterized
by unfamiliar mathematical formulations. On the other hand, approximate approaches,
such as the classical FEM or other discrete element methods, present a certain lack of
precision.
Depending on the sought pieces of information, both approaches may lead to the same
conclusions.
In this work a rigorous and an approximate approach were chosen. The first is the
coupling between the boundary element method (BEM) and the finite element method
(FEM). The second is the pure finite element method, where the foundation-soil sys-
tem is approximated with a nested lumped parameter model (LPM). These will be
described in the next sections.
An other decisive aspect is the domain in which the analysis will be carried out. On the
one hand, frequency domain analyses are preferable for the verification of resonance,
fatigue, and other harmful effects of forced vibrations. Wind turbines are subjected
to different types of dynamic loading, but the most characteristic ones are the aerody-
namic loads. These loading functions are strongly characterized by periodic compo-
nents with specific frequencies, which may be near the resonance frequencies of the
structure. Frequency domain analyses are an advantageous way for identifying possi-
ble peak responses of the wind turbine structure, as a function of the soil properties.
On the other hand, time domain analysis are of crucial importance for wind turbines
because of the several highly time-dependent factors affecting the dynamic response.
Only through transient analysis the designer can account for automatic controls of
the machine, such as yaw control, pitch control and brakes. Moreover, events like
emergency stop and structural non-linearities can only be simulated in time domain.
Also, transient analyses allow to account for phase superposition in case of several
external dynamic loading, such as aerodynamic loads and seismic excitation.
For the present investigation it was considered necessary to investigate the problem
both in time and frequency domain. In the following sections the methods are de-
scribed firstly in the frequency domain and then in the time domain.
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4.1 Frequency Domain Approach: FEM/BEM Coupling
Frequency domain analyses are of crucial importance for SSI issues, especially when a
layered soil is involved. In fact, for non-homogeneous soils, the solution for the wave
propagation problem can be computed numerically only in frequency domain. The
frequency response of the foundation-soil system is always the starting point of any
SSI analysis, if a layered soil is involved.
Among several possibilities, the author opted for the method proposed by Savidis et al.
[43] [94] and afterwards adapted by Renault and Meskouris [87]. The BEM algorithm
was incorporated into an existing finite element software, ANSYS R©, in the form of
external libraries. In this way one can take advantage of the powerful capabilities of
the commercial FEM software. In a previous author’s research work [73], the chosen
FEM/BEM coupling was validated against an alternative rigorous method, the precise
integration method (PIM) [116], for classical dynamic soil-structure interaction prob-
lems.
The FEM is a well-established and versatile method, suitable for non-linear problems
and complex geometry modeling. It is a perfect candidate for representing a finite
complex system such as the horizontal-axis turbine. The Achilles heel of the FEM
is the difficulty to represent an unbounded medium, because of the reflection of the
waves at the boundary of the soil domain. Indeed, the accuracy of the analysis relies
substantially on the capability of the method to satisfy the radiation condition, for
which the energy must be transported to infinity. Therefore, a different approach for
SSI analysis is necessary.
As an alternative to the FEM, the BEM is based on Betti’s reciprocity principle and
it is built upon the fundamental solutions of the wave propagation problem, which is
described by boundary integral equations with known and unknown boundary states.
A fundamental solution is an analytical expression for the elastodynamic state at any
point of the soil domain corresponding to a point source at some arbitrary location. The
solutions must satisfy specific boundary conditions, which depend on the soil configu-
ration, such as homogeneous half space, layered half space, stratum over bedrock and
so on. These particular solutions are referred to as Green’s functions.
The dimension of the boundary depends on the type of used Green’s functions. Half-
space Green’s functions allow the spatial discretization of the soil to be confined to the
only contact area between the structure and the soil. In fact, the Green’s functions for
the half space fulfill the condition of zero-traction at the top surface and the problem
is reduced to the area with unknown boundary state conditions, which is at the soil-
structure interface. Usually these unknown boundary conditions are imposed through
compatibility and equilibrium between structural and soil stresses and displacements.
In contrast to the FEM, in the BEM the size of the problem is reduced by one, because
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only the two-dimensional boundary of the three-dimensional domain needs to be con-
sidered. This is a computational advantage compared to the FEM, where the whole
domain is discretized and the solution is computed for all nodes, including the inter-
nal nodes of the domain. In fact, for soil-structure-interaction analysis, only certain
locations of the soil are of interest and it is desirable to restrict the analysis to the only
required information, in order to reduce the computational time and data storage.
In summary, as the BEM for the elastic half-space requires only the discretization of
the contact soil-foundation surface and represents automatically the radiation condi-
tion to infinity, it constitutes a very attractive method for the representation of the soil.
Moreover, through the combination of the FEM and the BEM, the resulting coupling
preserve the advantages of both methods overcoming their limitations. For the cou-
pling of FEM and BEM after Savidis and co-workers [43] [94] a substructure technique
was used, as described in the following paragraphs. Fig. 4.1 shows a representation of
the model with the two coupled sub-systems.
Figure 4.1: Representation of the substructure method.
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4.1.1 FEM Formulation
The basic equation of motion of a structure-soil system using the substructure method
is examined next. A common expression for the equations of motion of the system is:
Mu¨ + Cu˙ + Ku = P + Q (4.1)
where u is the vector of the generalized structural nodal displacements and u˙ and u¨
are the vectors of the structural nodal velocities and accelerations. M, C and K are
the mass, damping and stiffness matrices while P is the vector of the loads applied
directly to the structure. All the above mentioned vectors can be determined by means
of classical FEM formulations. The key vector in this formulation is the vector Q,
which contains the soil reactions at the interaction nodes (Fig. 4.2). This is unknown
and represents the influence of the soil as nodal forces, which result from the contact
pressure at the soil-structure interface. This can be computed through the BEM formu-
lation. Let us follow the sequence of operations step by step. In frequency domain the
FEM
BEM
Soil 
reactions
Q
Figure 4.2: Soil reactions at the coupling interface between BEM and FEM.
eq. (4.1) can be rewritten as:
K˜u = P + Q (4.2)
in which K˜ = K + iωC− ω2M is the dynamic structural stiffness. Now, the vector
u is decomposed into two subvectors: the displacements of the interaction nodes ui
and the displacements of the remaining structural nodes ur. Accordingly, the system
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of equations is also split into two subsystems and becomes:[
K˜rr K˜ri
K˜ir K˜ii
]{
ur
ui
}
=
{
Pr
Pi
}
−
{
0
Qi
}
(4.3)
Equation (4.3) represents the coupled system of equations used in the substructure
approach applied to soil-structure interaction. From now on the focus is on the subsys-
tem relative to the interaction nodes. The subscript i will be therefore omitted in the
following discussion.
4.1.2 BEM Formulation
Having described the basic equations for the finite elements, the following part deals
with the use of the BEM and the Green’s functions in the substructure approach. Here,
the fundamental solution for the layered soil is used. This satisfies the traction-free
condition at the surface of the soil and the continuity conditions at layer interfaces.
Consider two elastodynamic states:
• the fundamental solution state, given by Wijfj and Tijfj , where Wij and Tij are
the displacements and tractions along i due to a unit force applied along j and
fj is a concentrated force at a point X
• and the SSI state, which is the difference between the actual state and the free
field state (indicated by ˆ. . .), given by the displacements [wi − wˆi] and tractions[
ti − tˆi
]
.
If we apply the reciprocity relation between these two states, we obtain:
Cjifj [wi (X)− wˆi (X)] +
∫
S
Tijfj [wi − wˆi] dS =
∫
S
Wijfj
[
ti − tˆi
]
dS (4.4)
where Cji depends on the geometry of the shape of the interface. The latter is dis-
cretized with N rectangular elements. Interpolation of the values of displacements and
traction at the nodes of each element must be assumed. In the following the interpo-
lation matrices for the boundary and finite elements will be referred to as NBEM and
NFEM respectively. The body force density is assumed equal to zero. Applying equa-
tion (4.4) and considering unit forces for each nodal component of displacements and
tractions, the discretized form of the equation for each node k may be written as:
Ckwk +
N∑
l=1
Hkl
[
wl − wˆl] = N∑
l=1
Gkl
[
tl − tˆl] (4.5)
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or
N∑
l=1
H˘kl
[
wl − wˆl] = N∑
l=1
Gkl
[
tl − tˆl] (4.6)
where H˘kl = Hkl if k 6= l and H˘kl = Hkl + Ck if k = l
H and G are square matrices built on the base of the Green’s functions, Wij and
Tij , for the tractions and for the displacements respectively. It is important to stress
that the diagonal terms of H˘ contain the coefficients Ck. An extensive derivation of
the expression H and G can be found in Dominguez [27]. The complete system of
equations becomes:
H˘ (w − wˆ) = G (t− tˆ) (4.7)
where t and w are the vectors of nodal tractions and soil displacements, while tˆ and
wˆ are the vectors of nodal values for the free field. Now let us group the quantities(
H˘wˆ −Gtˆ
)
under the vector F, which therefore corresponds to the free field motion.
The resulting system is:
H˘w −Gt = F (4.8)
Now the compatibility of displacements and the equilibrium of tractions at the interface
must be enforced. First, one has to transform contact tractions into traction forces.
In more detail, the nodal traction forces t are the results of the product between the
interpolation function matrix NBEM and the vector of contact traction p(X) at any
point X of the interface:
p(X) = NBEMt (4.9)
Moreover, the vector of the soil reactions Q is the integral of the product between
NTFEM and the vector of contact traction p(X) over the interface S. This leads to the
following relationship between the soil reactions Q and the nodal tractions t at the
coupling nodes:
Q = RFEMt (4.10)
with
RFEM = −
∫
S
NTFEMNBEMdS (4.11)
As mentioned previously, NBEM and NFEM are the matrices of interpolation func-
tions corresponding to the boundary elements and finite elements respectively. One
advantage of choosing BEM for the substructure method within the environment of a
FE software is that the mesh generators and the interpolating shape functions devel-
oped for FE model are applicable to the BE formulation. Next the soil displacements
w are expressed in terms of structural displacements U:
w = RBEMu (4.12)
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with
RBEM = −
∫
S
NTBEMNFEMdS = R
T
FEM (4.13)
If the boundary element nodes coincide with finite element nodes, no transformation
matrix RBEM is needed, that is w ≡ u. Rearranging equation (4.8), it can be solved
for t in terms of w as:
t = G−1H˘w −G−1F (4.14)
and finally, combining equations (4.7), (4.12) and (4.14) with equation (4.2), it leads
to
K˜u = P + RFEMG
−1H˘RBEMu−RFEMG−1F (4.15)
By collecting all the terms containing u on the left side of the equation, the system of
equations of motion for the coupled soil-structure system becomes:K˜−RFEMG−1H˘RBEM︸ ︷︷ ︸
Ks
u = P−RFEMG−1F︸ ︷︷ ︸
Qseism
(4.16)
where the quantity (RFEMG−1H˘RBEM ) represents the soil stiffness Ks and
(RFEMG−1F) the vector of the seismic loads Qseism. The components of the above
mentioned vectors are made up of a real and an imaginary part, as the description refers
to the frequency domain formulation. Once the system is solved for u, the vectors w
and consequently t can be determined from eq. (4.12) and eq. (4.14).
Additionally, if the soil is idealized as layered half space and the nodes lie at its surface,
the Green’s functions for the stresses are identically equal to zero on boundary nodes,
therefore the sub-matrix H˘ becomes equal to C. In summary the system of equation
for the soil-structure system, according to the substructure approach, may be rewritten
as: [
K˜rr K˜ri
K˜ir K˜ii + Ks
]{
ur
ui
}
=
{
Pr
Pi
}
−
{
0
Qseism
}
(4.17)
4.1.3 Green’s Functions
For this investigation a realistic modeling of the soil involves a horizontally layered half
space. The Green’s functions for a layered, transversal-isotropic and linear-viscoelastic
half space were obtained with the aid of the numerical tool PUNCH, based on the thin
layered method (TLM) [54] [101]. The latter is an efficient semi-analytical method,
which takes in account the stratification conditions effects like reflection, refraction
at the layer boundary dispersion and geometrical damping. With the TLM method the
substrates are discretized only in the vertical direction (z), that is the layering direction,
while the formulation in the remaining two direction (ρ, ϕ) is analytically conducted
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(see Fig. 4.3). Punch computes the three-dimensional displacement field w of the soil
due to a point load vector V. Recalling the definition of Green’s functions given in
Figure 4.3: Representation of the vectors of soil displacements and loads on the surface of the
half space.
Par. 4.1.2, the relationship between w and V in cylindrical coordinate (ρ, ϕ, z) can be
written as: 
wρ
wϕ
wz
 =
Gρρ 0 Gρz0 Gϕϕ 0
Gzρ 0 Gzz

Vρ
Vϕ
Vz
 (4.18)
or in brief
w = G ·V (4.19)
where G is the Green’s tensor. Thanks to the principle of dynamic reciprocity, the off-
diagonal terms of G are equal. From the above relationship it is clear that the Green’s
functions are computed setting the vector V equal to the identity matrix I:
w = G · I (4.20)
Referring to eq. (4.4) and eq. (4.8), eq. (4.20) gives the required matrix Wij , while the
matrix Tij is identically equal to zero, because the BEM domain lies on the surface of
the half space, which is a traction-free surface.
The Green’s functions depend on the properties of each layer, on the excitation fre-
quency ω and on the distance r between the source and the receiver. Usually, for
the homogeneous half space the Green’s functions can be normalized with respect to
the properties of the soil and expressed as a function of the dimensionless distance
r0 = rω/c
HS
s . Through a normalization, a family of half spaces can be represented
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by the same Green’s functions. Therefore, a unique computation provides information
for different ranges of frequencies, distances r, various shear velocities cHSs and shear
modulus GHSs . The Poisson’s ratio cannot be factored out and a new Green’s tensor is
required for each case.
In order to take advantage of the normalization also for the layered half space, the
dimensionless layer thicknessD0 = ωD/cHSs becomes a key parameter. Here a layered
half space is assumed to be a single layer lying on a half space. Varying the properties
of the layered half space, the normalized Green’s functions remain identical if the
parameters
• c = cLs /cHSs ,
• νLs ,νHSs ,
• ρLs ,ρHSs and
• D0 = ωD/cHSs
are kept constant.
For example, Fig. 4.4 shows two models for a layered soil. The layer thickness of the
first soilD1 is three times the one of the secondD2. The ratio between the layer and the
half space shear wave velocities, c = cLs /c
HS
s , is taken equal to 0.5. Moreover, c
HS
s is
200 m/s, then νLs = ν
HS
s = 0.3 and ρ
L
s = ρ
HS
s = 2000kg/m
3. The response of the soil
Figure 4.4: Example of layered half spaces.
in the first case, expressed as a function of r0, is equal to the response of the soil in the
second case, only if ω1D1 = ω2D2, that is for ω2 = 3ω1. Therefore, in order to have
the same response, if the thickness decreases, the circular frequency of the excitation
must increase. Fig. 4.5 shows the real and imaginary parts of the normalized vertical
displacement due to a vertical unit force of frequency ω1 and 3ω1 in the first and in
the second case respectively, over a range of distance r. The two curves are identical.
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Figure 4.5: Identical normalized Green’s functions for two different soils with constant D0.
Contrarily, if the layer thickness changes and the circular frequency is kept constant,
that is D0 changes, the spatial frequency over the normalized distance r0 decreases as
well. Fig. 4.6 shows the normalized Green’s functions for different values of D0. In
order to interpret the results, let us rewrite the parameter r0 as a function of the wave
length of the shear wave for the half space λHSs :
r0 =
rω
cHSs
=
2pir
λHSs
(4.21)
In Fig. 4.6, the distance between two peaks of the oscillations can be seen as the nor-
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Figure 4.6: Normalized Green’s functions for a layered half space and different values of the
layer thickness D0
malized wave length 2piλ/λHSs . The vertical spatial oscillations of a thin layer on a
half space are influenced by the properties of the underlying half space. In fact, if the
thickness of the layer decreases, the normalized wave length increases and, as D tends
to 0, the ratio λ/λHSs tends to 1. On the other side, if the layer thickness increases, the
response of the soil is governed by the properties of the layer and the wave length of
the oscillations tends to the wave length of the shear waves for the layer. As a conse-
quence, when D tends to ∞, the ratio λ/λHSs tends to 0.5, which is the layer-to-HS
shear wave velocity ratio c. The distance between two peaks of the curve for D0 = 0.4
is close to 2pi, while for the curve D0 = 4.8 it is close to pi.
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4.2 Time Domain Approaches
In the present work the time domain analysis was carried out with the aid of two dif-
ferent methods: the lumped-parameter model approach (LPM) and the FEM/BEM
coupling. The former was used for the SSI parametric study, because of its simplicity
and computational speed. The latter was used for validation purposes.
4.2.1 FEM/BEM Coupling in Time Domain
Focusing on the FEM/BEM coupling in time domain, there are two different ap-
proaches for SSI analysis: pure and hybrid time domain methods. The first approach
uses the transient Green’s functions for the half space and then a step-by-step time
integration. The second approach is based on the fundamental solution in frequency
domain and transforms it in the time domain through Fourier synthesis.
Unfortunately, the fundamental solution in time domain only exists for the homoge-
neous half space [14], while for the layered half space the Green’s functions can only
be computed numerically in frequency domain. In this work a layered soil was consid-
ered and therefore, a hybrid method for the time domain was used. This FEM/BEM
hybrid method for the time domain was proposed by Hirschauer [43] and Bode et
al. [13]. An extensive explanation of the methods can be found in the given references,
while here only the principal idea of the formulation is described.
The common steps of the hybrid and the pure time-domain formulations are:
1. Generation of the model using the sub-structuring method.
2. Setup of the equations of motion of the structure by means of a finite element
formulation using the iterative Newmark integration.
3. Derivation of a displacements-forces relationship at the interface between the
two sub-structures for the description of the soil.
4. Coupling of the sub-structures through compatibility of soil and structural dis-
placements. Here full contact conditions are assumed.
The only but essential difference between the hybrid and the pure time-domain ap-
proach is the computation of the displacement-force relationship for the soil at the in-
teraction surface. The pure time domain formulation is based on the transient Green’s
functions Gij(t). In the hybrid formulation, the displacements-forces relation is de-
duced from the steady-state harmonic Green’s functions evaluated in the frequency
domain Gij(ω), which were described in Par. 4.1.3.
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Starting from the discretized equations of motion in time domain[
Mrr Mri
Mir Mii
]{
u¨i+1r
u¨i+1i
}
+
[
Crr Cri
Cir Cii
]{
u˙i+1r
u˙i+1i
}
+
[
Krr Kri
Kir Kii
]{
ui+1r
ui+1i
}
=
{
Pi+1r
Pi+1i
}
−
{
0
Qi+1i
} (4.22)
at each time step it is necessary to compute the soil reactions Qi+1i , which depend on
the soil displacements. As described in eq. (4.19), the relationship between the soil
displacements and the contact tractions in frequency domain is the following
w(ω) = G(ω) ·V(ω) (4.23)
Now, for a general time-history excitation V(t) in place of an harmonic load, the soil
displacements w(t) are carried out operating an inverse Fourier transformation as in
eq. (4.24).
w(t) =
1
2pi
∫ +∞
−∞
G(ω) ·V(ω)eiωtdω (4.24)
or alternatively computing a convolution integral
w(t) =
∫ t
0
G(t− τ) ·V(τ)dτ (4.25)
where
G(t) =
1
2pi
∫ +∞
−∞
G(ω)eiωtdω (4.26)
is the impulse response matrix corresponding to the soil displacements due to an im-
pulse of the Dirac form. This is computed through the IFFT (inverse fast Fourier trans-
formation) algorithms. Eq. (4.25) is then rewritten, considering the integration time
[0, t] discretized in i+ 1 intervals of time length ∆t. The contact tractions V(t) are ap-
proximated by a sequence of rectangular impulses, in order to simplify the evaluation
integration. Therefore the soil displacements at time ti+1 = (i+ 1)∆t become
wi+1 = ∆tGi ·V1 + · · ·+ ∆tG1 ·Vi︸ ︷︷ ︸
whist
+ ∆tG0︸ ︷︷ ︸
Gact
·Vi+1
= whist + Gact ·Vi+1 (4.27)
The vector whist represents the displacement contributes due to the past contact
stresses until time ti. The matrix Gact is the soil flexibility, which multiplies the con-
tact stresses Vi+1 at the current time. In order to solve the system (4.22) explicitly,
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the soil reactions Qi+1 need to be expressed in terms of structural displacements. So
inverting eq. (4.27), the soil tractions become
Vi+1 =
[
Gact
]−1 {
wi+1 −whist} (4.28)
Similarly to eq. 4.10, the soil reactions Qi+1 can be expressed as
Qi+1 = RFEMV
i+1
= RFEM
[
Gact
]−1
wi+1 −RFEM
[
Gact
]−1
whist︸ ︷︷ ︸
Qhist
(4.29)
Making use of the compatibility between soil and structural displacements, as in
eq. 4.12,
wi+1 = RBEMu
i+1 (4.30)
the soil reaction can be rewritten in terms of structural displacements as
Qi+1 = RFEM
[
Gact
]−1
RBEM︸ ︷︷ ︸
Kact
ui+1 −Qhist
= Kactui+1 −Qhist
(4.31)
Substituting the eq. 4.31 into eq. 4.22 it yields to[
Mrr Mri
Mir Mii
]{
u¨i+1r
u¨i+1i
}
+
[
Crr Cri
Cir Cii
]{
u˙i+1r
u˙i+1i
}
+
[
Krr Kri
Kir Kii
]{
ui+1r
ui+1i
}
=
{
Pi+1r
Pi+1i
}
−
{
0
Kactui+1i −Qhist
} (4.32)
were the subscript i specifies the nodes at the interface between soil and structure,
while the superscript i + 1 indicates the current time step. After rearranging, it finally
leads to SSI system of equations in time domain, as follows[
Mrr Mri
Mir Mii
]{
u¨i+1r
u¨i+1i
}
+
[
Crr Cri
Cir Cii
]{
u˙i+1r
u˙i+1i
}
+
[
Krr Kri
Kir Kii + K
act
]{
ui+1r
ui+1i
}
=
{
Pi+1r
Pi+1i
}
−
{
0
Qhist
}
(4.33)
Knowing the initial velocities and displacements, the system can be solved step-by-
step with the Newmark method. As already mentioned, the above described procedure
was implemented in the commercial software ANSYS R© and a detailed description can
be found in Hirschauer’s dissertation [43].
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4.2.2 Lumped Parameter Models
The second time-domain approach used in this thesis is a simplified method based
on mechanical lumped parameter models for the soil. A lumped parameter model
is a block of springs, dashpots and masses, able to reproduce the dynamic behav-
ior of a soil-foundation system. Its real frequency-independent coefficients are found
by approximating the dynamic impedance or compliance functions by a ratio of two
polynomials. The discrete element blocks are connected in series or parallel depend-
ing on the degree of the polynomials. The optimal polynomial coefficients can be
found using the least-squares method, which minimizes the error between the target
impedance functions and the approximated ones. Then the obtained polynomial frac-
tion is decomposed into a simpler fraction through partial fraction expansion. These
minimum-order fractions can be associated with basic spring-dashpot elements, which
are then connected together in order to obtain the whole LPM. Systematic procedures
to construct consistent LPM were originally presented by Wolf [109] [108]. Wolf pro-
posed to start the procedure from the components of the dynamic stiffness K(a0), also
called impedance functions. The variable a0 indicates the dimensionless frequency,
expressed as the cyclic frequency times a representative foundation length R divided
by a representative shear wave velocity for the soil cs. The latter is usually taken as the
shear wave velocity of the top layer. The impedance functions are firstly divided into
a singular part Ks(a0), which is the asymptotic value at a0 → 0, and the remaining
regular part Kr(a0).
K(a0) = Ks(a0) +Kr(a0) (4.34)
Then the regular part is normalized with respect to the static stiffness, K0, and approx-
imated by a polynomial fraction as follows
|Kr(a0)| = Kr(ia0)
K0
=
P (ia0)
K0Q(ia0)
=
1− k + p1ia0 + p2(ia0)2 + · · ·+ pM−1(ia0)M−1
1 + q1ia0 + q2(ia0)2 + · · ·+ qM(ia0)M
(4.35)
where M is the denominator degree, pi and qi are the 2M -1 unknowns and k is a non-
dimensional coefficient related to the singular part of the dynamic stiffness. For flat
surface footings k vanishes. A curve-fitting technique based on least-squares method
leads to a system of 2M -1 linear equations. A weight function in the least square
method needs to be introduced to improve the fit at low frequencies. These weights at
low frequencies must be chosen 103 - 105 times larger than for high frequencies. The
effort to apply lower weights at high frequencies can be overcome if the starting point
for the approximation is the dynamic flexibility of the soil-foundation system.
In contrast to the stiffness, the flexibility (or compliance) generally decreases with
increasing frequency and therefore, during the curve-fitting, the importance of the low-
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to-medium frequencies is automatically more pronounced [112] [113]. This alternative
procedure was chosen for this work and will be briefly described in the following
paragraph. The dynamic flexibility functions is the reciprocal of the dynamic stiffness,
therefore, based on eq. (4.35), the approximation of the flexibility through polynomials
can be rewritten as
|C(a0)| = C(a0)
C0
=
C(ia0)
C0
=
K0
K(ia0)
≈ Q(ia0)
P (ia0)
=
1 + q1ia0 + · · ·+ qN(ia0)N
1 + p1ia0 + · · ·+ pN(ia0)N + σ∞qN(ia0)N+1
(4.36)
where C0 is the static flexibility, N+1 is the denominator degree (one more than the
nominator), σ∞ is the high-frequency limit. The latter depends on the shear wave ve-
locity of the soil, the length R and the representative area or area moment of inertia
of the foundation-soil interface Af . In this case there is no separation between singu-
lar and regular part and no coupled foundation stiffnesses are considered. Eq. (4.36)
satisfies the low-frequency and high-frequency limits ensuring a doubly asymptotic
model.
|C| → 1 as a0 → 0
|C| → 1
σ∞ia0
as a0 →∞
(4.37)
The 2N unknown parameters can be obtained with any curve-fitting technique. Here,
the Levenberg-Marquardt method for a least square technique was used: the vector of
the 2N unknown parameters is a local minimizer to the sum of squares of the total
fitting error as
min
L∑
j=1
∣∣∣∣Q(ia0j)P (ia0j) − |C(ia0j)|
∣∣∣∣2 (4.38)
where L is the number of frequencies chosen for discretizing the flexibility functions,
|C(ia0j)| is the target function and Q(ia0j)/P (ia0j) is the approximating polynomial
fraction. After finding the 2N polynomial coefficients, the fraction is decomposed into
simpler partial fractions as
|C(a0)| ≈ Q(ia0)
P (ia0)
=
N+1∑
l=1
Al
ia0 − rl (4.39)
where Al is the vector of residues and rl the vector of pole locations. The poles and
residues can be real or complex. However, it is more desirable to proceed only with
real coefficients. This can be done by combining the complex conjugate pairs into a
term of second-order with real coefficients as
Al1 + iAl2
ia0 − rl1 − irl2 +
Al1 − iAl2
ia0 − rl1 + irl2 =
gl1ia0 + gl0
(ia0)2 + hl1ia0 + hl0
(4.40)
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where
gl1 = 2Al1
gl0 = −2(Al1rl1 + Al2rl2)
hl1 = −2rl1
hl0 = r
2
l1 + r
2
l1
(4.41)
The polynomial fraction can be finally expressed as a combination of the first- and the
second-order fractions, with solely real coefficients, as
|C| (ia0) =
M∑
l=1
gl1ia0 + gl0
(ia0)2 + hl1ia0 + hl0
+
N−2M+1∑
l=1
Al
ia0 − rl (4.42)
where M are the complex conjugate pairs and N+1 are the poles of the polynomial
fraction.
Finally, it was demonstrated by Wu and Lee [112] that the first-order fraction can be
corresponded to a basic spring-dashpot element, while the second-order fraction is
comparable to a discrete model with two springs and two dashpots. The whole LPM is
obtained by connecting the basic discrete models in series. The basic spring-dashpot
element corresponding to the first-order fraction is characterized by two parameters,
the damping coefficient c1 and stiffness coefficient k1. According to [112], these coef-
ficients must be taken as
cl =
δlR
csK0
; kl = γlK0 (4.43)
where
δl =
1
Al
; γl =
−rl
Al
(4.44)
Similarly the basic element corresponding to the first-order fraction is characterized by
four parameters, the damping coefficients cl1 and cl2 and the stiffness coefficients kl1
and kl2, which must be taken as
cl1 =
δl1RK0
cs
; cl2 =
δl2RK0
cs
kl1 = γl1K0; kl2 = γl2K0;
(4.45)
where
δl1 =
1
gl1
; δl2 =
(hl1 − gl0gl1 −
gl1
gl0
hl0)
gl0
γl1 =
hl0
gl0
; γl2 =
(hl1 − gl0gl1 −
gl1
gl0
hl0)
gl1
(4.46)
Fig. 4.7 shows the two basic spring-dashpot elements.
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Al
ia0−rl
cl =
δlR
cs
K0
kl =
γlK0
(a)
gl1ia0+gl0
(ia0)2+hl1ia0+hl0
cl1 =
δl1R
cs
K0
kl1 =
γl1K0 cl1 =
δl1R
cs
K0
kl1 =
γl1K0
(b)
Figure 4.7: (a) First-order and (b) second-order model for the systematic LPM.
4.3 Benchmark Problems
The usage and accuracy of the chosen methods are now demonstrated by comparing
the obtained results for benchmark problems with available references. In frequency
domain there exist several previous works for comparison. For the layered soil the
classical work of Wong and Luco [111] was chosen for this demonstration. Moreover,
it is demonstrated that the methods are suitable for representing real case studies, where
the soil is generally multi-layered. In time domain there are few examples for the
homogeneous half space, but rare research work on layered half space. Therefore,
the demonstration in time domain was carried out referring to a classical study from
Karabalis and Huang [52], also repealed by Han et al. [37], about vibrations of circular
rings on elastic half space. Then, the study was extended to the layered case.
4.3.1 Demonstration in Frequency Domain
The following part presents comparisons between results obtained with the chosen
methods and benchmark results for three scenarios in frequency domain:
• rigid square foundation lying on a layer over half space;
• rigid square foundation with a concentric internal opening over homogeneous
half space;
• field measurements on massive foundation on layered half space.
In all cases the soil was assumed to be isotropic and linear elastic. The contact condi-
tions were considered relaxed, that is the contact tractions develop only in the direction
of the corresponding vibration mode. No uplift of the foundation was allowed.
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Rigid square foundation lying on a layer over half space This section demon-
strates the use of FEM/BEM coupling for the analysis of the vertical response of a
rigid massless square foundation lying on a soil layer over a homogeneous elastic half
space. A solution for this benchmark problem, based on a boundary integral equation
method, was presented by Luco and Wong [111] in the form of normalized impedance
tables. Fig. 4.8 shows the geometry of the problem, and the chosen soil properties for
this example are collected in Tab. 4.1.
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Figure 4.8: Rigid square foundation lying on a layer over half space.
Table 4.1: Investigated soil parameters for the case of rigid square foundation lying on a layer
over half space [111] .
Parameter Symbol Values
Poisson′s ratio of layer and half space νLs , ν
HS
s 0.33
Layer/half space shear wave velocity ratio cLs /c
HS
s 0.8
Layer/half space density ratio ρLs /ρ
HS
s 0.885
Layer thickness/ foudnation half-side ratio D/R 0.5
Dimensionless frequency a0 = ωa/cLs 0.1→10
The comparison focused on the normalized vertical compliance defined as
|Czz| = RGLs uz/Pz (4.47)
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were uz is the vertical displacement, Pz the vertical harmonic load, GLs =(c
L
s )
2ρLs the
shear modulus and R the half-length of the square foundation side. Fig. 4.9 shows
the real and imaginary normalized vertical compliance of the rigid square foundation
lying on a layer over half space.The comparison shows agreement between the chosen
method and the reference solution from Wong and Luco [111].
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Figure 4.9: Real and imaginary parts of the vertical compliance of a rigid massless square
foundation lying on a layer over half space.
Rigid square foundation with a concentric internal square opening over half space
The present investigation focused on the vertical compliance of a square massless foun-
dation with a concentric internal opening. Here the soil is simply represented by a
homogeneous half space. This is a preliminary investigation for the demonstration in
time domain in Par. 4.3.2. As a matter of fact, the compliance functions in frequency
domain are the starting point of the hybrid method and the LPM approach. For this
example units of measurement are not given, as the system of units of measurement
is arbitrary and consistent. In order to compare the obtained results with the ones
from Karabalis and Huang [52], the ratio of the outer and inner side length, lo/li, was
taken as 0.75 (lo=5 and li=3.75) and relaxed boundary conditions were assumed. The
foundation is massless. The soil parameters are collected in Tab. 4.2. The results are
reported in terms of vertical normalized displacements, defined as
|uz| = (lo/2)GHSs uz/Pz (4.48)
and Fig. 4.10 shows the comparison with Karabalis and Huang [52] and Luco and
Wong [111]. This investigation considered a narrow range of dimensionless frequency
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Table 4.2: Investigated soil parameter for the case of rigid square foundation with concentric
opening on half space [52].
Parameter Symbol Values
Poisson’s ratio νHSs 0.33
Shear wave velocity cHSs 9677
Density ρHSs 10.37
Elasticity modulus EHSs 2.59 · 109
Shear modulus GHSs = (c
HS
s )
2ρHSs 9.71 · 108
Dimensionless frequency a0 = ω(lo/2)/cHSs 0→ 4
equal to the one in Karabalis and Huang. However, it will be shown in the time domain
demonstration that the required frequency range depends on the transient loading func-
tion. The steady-state compliance functions must be computed for a frequency range,
which includes all the significant frequency components of the loading.
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Figure 4.10: Vertical compliance of a rigid square foundation with concentric opening on half
space.
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Comparison with field measurements Here, comparisons between simulations and
field measurements are presented. Two case studies have been considered and are
described below.
Case study 1 For the first case study experimental data from a previous work were
used. The experiment was carried out in 1996 from Forchap [31] at the University
of Bochum. A square concrete foundation of concrete with a side length of 1 m and
a thickness of 0.5 m was excited by electrodynamics signal and recorded with geo-
phones. Forchap compared experimental data with numerical results obtained with
the aid of a boundary element software SSI2D/3D. Based on the measurements, the
properties of the soil were estimated as reported in Tab. 4.3. Nevertheless, from exper-
imental data the value of the soil properties can be estimated only in terms of probable
ranges and not as exact numbers. Moreover, the layering of the soil is seldom strictly
horizontal and isolated non-homogeneities may occur within a layer. Thus, several nu-
merical investigations are usually needed in order to match the experimental dynamic
response of the foundation-soil system. In this case, it was supposed that the soil was
of the type shown in Fig. 4.11 and several numerical attempts were carried out. For the
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Figure 4.11: Test foundation lying on multi-layered half space.
comparison with the FEM/BEM method, three wave velocity values for the first layer,
c1s, were tested, that is 100, 135 and 300 m/s. The parameters of the other layer and half
space were changed accordingly as given in Tab. 4.3. Fig. 4.12 shows the comparison
with experimental and numerical data in [31] in terms of normalized displacements,
that is divided by the load amplitude. A satisfactory match can be noticed between
numerical and experimental data for c1s equal to 135 m/s.
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Table 4.3: Investigated soil parameters for the case study after Forchap [31].
Parameter Symbol Values
Poisson’s ratio of layers and half space ν1s , ν
2
s , ν
HS
s 0.33
Damping coefficient of layers and half space ξ1s , ξ
2
s , ξ
HS
s 0
Layer 1 shear wave velocity ratio c1s 100,135,300
m/s
Layer 2/Layer 1 shear wave velocity ratio c2s/c
1
s 1.5
Half space/Layer 1 shear wave velocity ratio cHSs /c
1
s 2.0
Density of layers and half space ρ1s, ρ
2
s, ρ
HS
s 1700 kg/m
3
Layers thickness D1, D2 0.5 m
Foundation half-side a 0.5 m
Frequency range f 0→ 80 Hz
0 20 40 60 80
−2
0
2
·10−5
exp
100
135
300
f (Hz)
R
e[
|u z
|](
m
m
/N
)
Experiment SSI2D/3D [26] FEM/BEM
0 20 40 60 80
−3
−2
−1
0
·10−5
exp
100 135
300
f (Hz)
Im
[|u
z
|](
m
m
/N
)
Figure 4.12: Real (right) and imaginary (left) parts of vertical compliance of a massive con-
crete block lying on a multi-layered half space.
Similarly to the Green’s functions in par. 4.1.3, the results show a certain relationship
between the compliance functions and the ratio between shear wave lengths and layer
thickness. This is referred to as D0, which is inversely proportional to the layer shear
wave velocity and indicates the influence of the layer thickness on the wave propaga-
tion. For smaller values of the ratio D0 the waves’ propagation is less influenced by
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the presence of the layer and the radiation damping (or geometrical damping) is big-
ger. The bigger the shear wave velocity of the layer is (being all the other variables
constant), the smaller D0 becomes. In turn, the radiation damping is bigger for higher
values of the shear wave velocity of the layer, giving smaller displacements. This can
be clearly seen in Fig. 4.12.
Case study 2 The second case study focused on on-site vibration measurements car-
ried at the Melaten Campus of the RWTH Aachen University, where several new build-
ings with highly sensitive equipment are planned. A geotechnical report about the in-
vestigated soil was at hand. With the aid of a Butterfly2 shaker a test concrete block
was harmonically excited. The length of the square foundation was 1.5 m, its thickness
0.7 m and the mass about 800 kg. The dynamic force was characterized by a maximum
amplitude of 20 kN. The investigated frequency range was 0.01-110 Hz. However, for
this numerical investigation the considered frequency range was restricted to 2-100 Hz,
in order to exclude possible equipment sensitivity errors. For the comparison between
experimental and numerical data, among the several measurement programs, it was
chosen to focus on the dynamic response of the foundation to:
• a harmonic vertical force with 8 Hz frequency and 10 kN amplitude
• a sweep excitation with frequencies from 8 to 100 Hz and amplitude 8 kN, as
plotted in Fig. 4.13.
0 20 40 60 80 100
0
100
200
f (Hz)
P
z
(N
)
0 5 10 15 20
−2
−1
0
1
·104
t (s)
P
z
(N
)
Figure 4.13: Sweep excitation: (left) spectrum and (right) time history.
2Butterfly R© is a servohydraulic shaker for artificial excitation developed by Baudynamik Heiland &
Mistler GmbH, Bochum, Germany.
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In order to match the experimental data a parametric study was carried out. The soil
was represented as a horizontally multi-layered half space. The geotechnical inves-
tigation provided likely values for the density and thickness of the layers, while the
dynamic properties of the soil, such as the shear wave velocities, were assumed based
on typical values for the detected geological stratification. The best-match between
experimental data and numerical results was found for the configuration reported in
Tab. 4.4. For the considered frequency range and layer shear velocities, the lengths
of the soil waves were considerably bigger than the thickness of the top layer, which
in turn was the least influential layer. On the contrary, the thickness of the interme-
diate layer was a multiple of the length of the considered waves and its properties
were of decisive importance for the soil model calibration. Fig. 4.14 shows that it was
Table 4.4: Best match soil properties for case study 2 after the model calibration.
Type of layer Thickness Shear wave velocity Density
Di (m) cis (m/s) ρ
i
s (kg/m
3)
Weathered marl 1.05 110 2400
Marlstone 25.5 325 2400
Aachener Sand ∞ 200 2000
possible to simulate accurately the dynamic foundation-soil response and to find the
resonance frequency of the test concrete block, which was about 40 Hz. This case
study confirmed that the ratio between the layer thickness and shear wave length plays
an important role in the foundation vibrations. It provides an important insight on SSI
issues related to the presence of a layered soil.
4.3.2 Demonstration in Time Domain
The majority of the previous time domain investigations for SSI systems dealt with
the case of homogeneous half space, while only few references exist for the layered
soil. This demonstration in time domain focused on the case of a rigid square founda-
tion with a concentric internal opening, already introduced in Par. 4.3.1. The results
obtained with the FEM/BEM coupling in time domain were compared to the one ob-
tained by Karabalis and Huang [52] and by Han et al. [37]. Moreover, a LPM model
was constructed and tested against the rigorous FEM/BEM.
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Figure 4.14: Comparison between measured and numerically computed vertical displacements
of the test concrete block due to: (left) for an harmonic vertical force with 8 Hz frequency and
(right) for a sweep excitation.
Time impulse response of a rigid square foundation with a concentric internal
opening over half space The rigid square foundation with a concentric internal
opening, introduced in Par. 4.3.1, was subjected to an external impulse in horizon-
tal, vertical rocking and torsional direction. The load was defined with an amplitude of
100 during the first step and zero elsewhere. The time step ∆t was set to 0.9108·10-5.
The soil properties can be found in Tab. 4.2. Fig. 4.15 shows the time impulse response
for all modes of vibration of the foundation. As mentioned before, it was necessary
to compute the compliance functions of the foundation-soil system for a range of di-
mensionless frequencies wider than the one presented in Par. 4.3.1. This can be seen
in Fig. 4.16: as the considered frequency range was extended from [0,4] to [0,25],
the time domain response changed and, for the wider range, the displacement ampli-
tudes were found to be larger and the response functions closer to the target curves
from [52] and [37]. However, it is not always necessary to reach large values of a0.
The necessary frequency range depends on the loading functions and usually, for civil
structures subjected to wind and earthquake, it is sufficient to consider a range for a0
from 0 to 4. For this analysis a lumped parameter model was constructed as described
in Par. 4.2.2. Only the vertical case was considered for comparison. The degree of
the polynomial fraction M was set to 2, thus, the LPM was made up of six couples of
spring and dashpot. The polynomial approximation was applied for a0 = [0,4], as the
degree of the polynomial was too low for a broader range. Besides the soil properties
of Tab. 4.2, for the determination of the LPM optimal coefficients, it was necessary to
input the vibration surface area Af , a representative foundation length R and the static
and high-frequency limits (see Tab. 4.5). The static limit of the flexibility function
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Figure 4.15: Time domain impulse response of a rigid square foundation with a concentric
internal opening over half space for all modes of vibration.
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Figure 4.16: Influence of the considered frequency range on the time domain response:(a)
compliance function for a0 = [0,25] and (b) FEM/BEM time domain response based on Fourier
synthesis for a narrow and a broader frequency range.
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Czz0 was simply taken as the value at a0 = 0, which was a real-valued quantity. The
system of units of measurement can be arbitrarily chosen, being the units consistent.
The high-frequency damping coefficient σ∞ was chosen according to [112] and can be
Table 4.5: Input values for the determination of the LPM optimal coefficients computed based
on the geometry after [52].
Parameter Symbol Values
Vibration surface area Af 10.94
Representative foundation length R 2.5
Static limit Czz0 6.76·10-11
expressed as:
σ∞ =
ρcsAfcpCzz0
R
(4.49)
where for soil with ν >1/3 the dilation wave velocity cp is taken as twice the shear
wave velocity. The approximation was performed after normalizing frequency and
flexibility function as follows:
a0 =
2pifR
cs
|Czz| = Czz
Czz0
(4.50)
Here the shear wave velocity cs refers to the half space. However, for the case of
layered half space, the normalization should be done with respect to the first layer.
The approximation of the compliance function through polynomial approximation led
to the optimal coefficients reported in Fig. 4.17. The agreement between LPM and
FEM/BEM is satisfactory for a range of frequency between 0 and 4 and tends towards
the high-frequency limit for a0>4, as shown in Fig. 4.18.
Finally, the first-order and the second-order elements were connected in series and
the whole LPM was subjected to the vertical impulse load at the top node, while its
other far-end was constrained. Fig. 4.19 shows the LPM impulse response in terms
of vertical displacements. The comparison with rigorous solutions demonstrates that
the LPM is able to represent the vibrational behavior of the foundation, within given
limits due to the considered frequency range. In this case the approximation was based
on data for a0 = [0,4] and this led to a certain discrepancy between the LPM and the
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c1 =
2.60 · 106
k1 =
1.25 · 1010
c11 =
1.36 · 107
k11 =
−7.89 · 1010
c12 =
−2.36 · 107
kl2 =
4.07 · 1011
Figure 4.17: (a) First-order and (b) second-order model for the systematic LPM.
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Figure 4.18: Comparison between the LPM approximation of the vertical dynamic flexibility
based on data a0=[0,4] and the FEM/BEM target function.
rigorous solutions for a broader frequency range (i.e. FEM/BEM for a0 = [0,25]).
Here, the discrepancy is noticeable as the impulse load was narrow and narrow pulses
have more high-frequency content than broad pulses. This high-frequency content was
neglected as the polynomial degree was limited to 2, in order to maintain a certain
practicability of the model. However, for normal civil engineering applications, the
high-frequency content is usually of second order and therefore this discrepancy can
be considered acceptable. Indeed, increasing the polynomial degree, one may reach a
better match and increase accuracy.
Time impulse response of a rigid square foundation with a concentric internal
opening over layered half space The previous time domain example was extended
to the case of layered soil with a layer over half space. Again, the system of units of
measurement can be arbitrarily chosen. The focus was on the ratio between the shear
wave velocity of the layer and the one of the half space, while all further variables were
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Figure 4.19: Comparison between the LPM impulse response and rigorous target solutions for
the vertical dynamic flexibility.
Table 4.6: Shear wave velocity of layer and half space for the investigated cases (assuming an
arbitrary consistent system of units).
Case cHSs c
L
s
1 19354 –
2 4383.5 –
3 9677 19354
4 9677 4383.5
kept constant. The investigated cases are described in Tab. 4.6. With case 0 we refer
to the previously investigated medium, that is a half space with shear wave velocity
9677. For case 1 and 2 the cHSs was taken as double and half of the value of case 0
respectively. In case 3 a layer over half space was considered, where the shear wave
velocity of the layer was twice the one of the half space. This was reversed in case 4.
Fig. 4.20 shows the impulse response of the foundation for the five cases, computed
with the FEM/BEM method. Curve 3 almost coincides with curve 1, that is the pres-
ence of the layer is only slightly recognizable. Curve 4 oscillates noticeably between
the two half space curves 0 and 2. Here, the presence of the layer led to a wavy be-
havior with amplification effects, caused by reflection and refraction at the layer-half
space interface.
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Figure 4.20: Impulse response of a rigid square foundation with concentric opening on various
layered and homogeneous half spaces.
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5 Investigations in Frequency Domain
This section presents a systematic assessment of the influence of important soil-
structure interaction parameters on the frequency response of an onshore wind turbine.
The system was investigated through external point loads, obtaining the steady-state
response in frequency domain. Firstly, the dynamic behavior of the foundation-soil
system was investigated. This is a decisive stage for isolating important factors of the
local interaction between the foundation and the properties of the layer. Secondly, the
interaction between the whole turbine structure and the soil was analyzed.
5.1 Model Overview
The tower structure is modeled as a Timoshenko beam. It is a two-node tapered steel
beam element in 3-D and has six degrees of freedom at each node: translations in the
x, y, and z directions and rotations about the x, y, and z directions.
The rotor system is idealized as a concentrated mass with inertial properties along six
degrees of freedom (translations in the nodal x, y, and z directions and rotations about
the nodal x, y, and z axes). In this case the geometry of the model is axis-symmetric.
An external harmonic point loads excite the structure so as to highlight its frequency-
dependent response. No actual wind loads or aerodynamic loads are applied here. It
is important to stress that, if actual dynamic wind conditions are applied, additional
load induced by tower shadow and vortex shedding arise and the model cannot be
considered axis-symmetric [63]. These aspects are not taken into account in this work.
The foundation is idealized as a plain slab, consisting of solid elements, defined by
eight nodes having three degrees of freedom at each node (translations in the nodal x,
y, and z directions). Beam and solid elements have different DOF sets and additional
constrains are needed at the interface to transfer loads from one to the other. Here, the
beam node at the base was rigidly connected to the nodes of the foundation top part,
reproducing the rigid joint between tower base and foundation. The contact surface
represents a connecting carpet discretized with rectangular solid elements and bilinear
shape functions. The nodes of these elements represent the coupling nodes between
the FEM model and BEM domain. Fig. 5.1 shows a plot of the proposed wind turbine
model.
5.2 Dynamic Influence of the SSI on the Compliance Functions
A frequently encountered concept in SSI analysis is the dynamic compliance of the FS-
system. The compliance relates the amplitudes of the generalized displacements of the
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Figure 5.1: Representation of the wind turbine model.
foundation to the amplitudes of the generalized forces applied. In many applications it
is assumed that the foundation is rigid and massless. In this case, the foundation can
be imagined as a node with six degrees of freedom and one may write:

ux
uy
uz
ϕx
ϕy
ϕz

=

Cxx 0 0 0 Cxϕy 0
0 Cyy 0 Cyϕx 0 0
0 0 Czz 0 0 0
0 Cϕxy 0 Cϕxϕx 0 0
Cϕyx 0 0 0 Cϕyϕy 0
0 0 0 0 0 Cϕzϕz


Px
Py
Pz
Mx
My
Mz

(5.1)
or in brief
u = C ·P (5.2)
where C represents the compliance matrix of the FS system.
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5.2.1 Foundation Mass
The mass is defined through the material properties, in particular through the density
ρs. A mass parameterB = Mf/Vsρs may be used to estimate the influence of the mass,
where Mf = piR2hρf is the mass of the foundation, h and R are the thickness and the
radius of the foundation respectively, Vs = piR3 is a reference volume underneath the
imprint of the foundation. The mass parameter can be rewritten as B = hρf/RρLs ,
where the density of the layer is equal to ρLs = G
L
s /(c
L
s )
2.
The actual foundation is firstly simplified into an equivalent circular disk with a specific
thickness h such that the volume of the actual foundation is equivalent to the volume
of the circular disk. The radius R is 8.5 m, the thickness h is 1.45 m and the density
2400 kg/m3. This investigation considers vertical and horizontal translations as well
as rocking motion. The soil is made up of a layer lying on a half space with a ratio
c = cLs /c
HS
s equal to 0.5, while the dimensionless thickness of the layer d = D/2R is
equal to 1. The mass parameter B range from 0.2 to 4.
Let us consider the case of circular disk subjected to a vertical harmonic load Pz with
frequency ω. The vertical displacements of the foundation centroid are referred to as
uz, which is a component of the compliance matrix C. The latter is the inverse of the
impedance matrix K. The dynamic stiffness introduced in eq. (4.2) is usually domi-
nated by the term K. If the mass of the structure increases, the inertia term increases
as well, reducing the dynamic stiffness. That leads to larger displacements as shown in
Fig. 5.2. The peaks are higher for larger value of B. However, after the first peak, the
amplitude of the displacement keeps decreasing considerably as the mass increases.
The natural frequency of the system is indicated by the resonance peak. Fig. 5.2 shows
that the natural frequencies shift to the left as the inertia term increases, because of the
reduced dynamic stiffness of the system. The interaction can be observed more clearly
if the displacement uz is divided by the displacement uz0 for the case of a massless
foundation, as shown in Fig. 5.3. The vertical, horizontal and rocking cases exhibit
similar behavior. With a closer look at the rocking compliance function, for high val-
ues of B, two peaks appear in the neighborhood of the first resonant frequency: one
represents the swaying mode and one is due to the rocking mode resonance. The latter
occurs easier if the mass moment of inertia is high. For low values of B, the rocking
resonant frequency forms at the resonant frequency of the vertical vibration. As B
increases, the rocking resonant frequency shifts towards the resonant frequency of the
horizontal vibration. This can be seen comparing the three plots in Fig. 5.3. These
two close frequency values may depend on the mass distribution, position of the cen-
ter of gravity and radius of gyration. Similar results were reported in Bhattacharya et
al. [2], where experimental scale tests for offshore multipod foundations showed two
closely spaced natural frequencies in the low range. This was due to the coupling of
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Figure 5.2: Effect of mass on the normalized vertical compliance; higher values of B depict a
higher mass of the foundation.
rigid rocking modes and the flexible modes of the structure. A clear parallelism can
be found between those experimental findings and the present numerical results. In
general, at high frequencies the mass effects are beneficial, while in the neighborhood
of the resonant frequency the amplitudes of the displacements are amplified. For this
study the mass parameter is equal to 0.2 and therefore the mass effect is unimportant.
5.2.2 Geometry and Flexibility of the Foundation
In general the compliance functions refer to a rigid foundation. Actually, the founda-
tion flexibility, geometry and mass distribution may modify the dynamic behavior of
the system. The most important parameters are the position of the center of gravity
and the radius of gyration. However, Chang Liang [21] showed that a change in mass
distribution does not modify the response considerably. A beneficial response at higher
frequencies can be noticed if the mass is concentrated in the neighborhood of the cen-
ter of gravity. Fig. 5.4 compares the vertical response of the rigid circular disk with the
one of the flexible actual foundation. The investigation shows that the flexibility and
geometry of the foundation do not modify noticeably the response.
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Figure 5.3: Effect of mass on the interaction between foundation and soil, being B propor-
tional to the foundation mass.
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Figure 5.4: Effect of geometry and flexibility on the normalized vertical compliance.
5.2.3 Layer Thickness
In order to analyze the effect of the layer thickness, let us introduce the ratio d =
D/2R, with D being the layer thickness and R the foundation radius. The remaining
parameters of the problem are set constant in order to reduce the variables at play. The
following results apply for a Poisson’s ratio of 0.3 and a damping ratio equal to 5 %,
for both layer and underlying half space. The layer is softer than the half space and
the ratio c = cLs /c
HS
s is equal to 0.5. The range of the dimensionless frequency covers
values from 0 to 2.7, which is sufficient for most of the applications of wind turbine.
The following definitions for the plot ordinates apply (see also Fig. 5.5):
• |ux| = 2RGHSs ux/Px, normalized horizontal compliance
• |ϕy| = (2R)3GHSs ϕy/My, normalized rocking compliance
• |uz| = 2RGHSs uz/Pz, normalized vertical compliance
• |ϕz| = (2R)3GHSs ϕz/Mz, normalized torsional compliance
Figure 5.6 shows the influence of the layer thickness on the normalized compliance
components.
Changing the thickness of the layer, the oscillation of the response change in frequency
and amplitude. A dynamic amplification with respect to the plain half space is ob-
served. The oscillation is due to the wave reflection at the surface between the top soft
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Figure 5.5: Representation of the plot ordinates.
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Figure 5.6: Effect of the layer thickness on the normalized compliances of a stratum over a
stiffer half space; with d proportional to the layer thickness and a0 = 2Rω/cHSs .
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layer and the underlying stiffer half space. For the horizontal and rotational (rocking
and torsional) compliances, the amplification is stronger if D = R. For the vertical
case, the response exhibits a higher resonance peak for the ratio D = 2R. The peaks
smooth out as d increases. In general the static compliance, that is at zero frequency,
keeps increasing as d increases. In the limit case of d equal to infinite, the static com-
pliance tends to the one of the half space with the same properties of the layer.
5.2.4 Shear Wave Velocity Ratio
The shear wave velocity of a soil layer is related to its stiffness. In order to investigate
the influence of the shear wave velocity, the properties of layer and half space were
exchanged so that the half space became softer than the layer. Fig. 5.7 shows that the
displacements curves of the systems with higher d are always below the one with very
shallow layer (d = 0.25).
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Figure 5.7: Normalized compliances of a stratum over a softer half space, with d proportional
to the layer thickness and a0 = 2Rω/cHSs .
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That is that the displacements of a system lying on a layer over a softer half space are
always smaller than the one of a system lying directly on the half space. With respect
to the case in Fig. 5.6, the dynamic amplification relative to the plain half space does
not occur. Moreover, here the static compliance keeps decreasing as d increases. For
the torsional case, there is almost no difference between the responses for values of d
from 0.5 to 3.
In general, the curves of the compliance functions for a stratum over half space depend
on the relation between the stiffness of the layer and the stiffness of the underlying
half space, and not on the stiffness of the layer itself. If the layer is stiffer than the
half space, no amplification occurs and the presence of the layer may be beneficial. In
fact, increasing the thickness of the layer, the foundation displacements are reduced.
If the layer is softer than the supporting medium, it could lead to a strongly frequency-
dependent response and resonance effects.
5.3 Dynamic Influence of the SSI on the Wind Turbine Response
The following paragraphs deal with the investigation of the interaction between the soil
and the whole wind turbine. The results are better interpreted by using the following
dimensionless parameters:
• the frequency ratio f0, which is the ratio between the excitation frequency f and
the structure’s fixed base first natural frequency f ∗1 ;
• the layer/structure stiffness ratio σ = cLs /f ∗1H , H being the hub height;
• the dimensionless thickness of the layer d = D/2R;
• the shear wave velocity ratio c = cLs /cHSs ; cLs and cHSs being the shear wave
velocity of layer and half space respectively.
The parameters were varied within a specific range, defining several potential soil-
structure pairs. Other important parameters were kept constant as their variation in
practice is usually small. Examples of this kind of parameters are the ratio between
the density of the structure and the soil, or the ratio between the hub height and the
foundation radius. The results are presented in terms of generalized displacements,
normalized with respect to the static bending and rotational stiffnesses of the fixed
base structure (Fig. 5.8).
In more detail, utx and u
f
x are the horizontal displacements of the tower head and the
foundation centroid respectively, while Kx is the static bending stiffness of the fixed
base structure in x-direction. This is the ratio of the unit force P=1, applied to the
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whole structure at the tower head in x-direction, to the resulting displacement at the
same point. ϕty and ϕ
f
y are respectively the tower head and the foundation rotations
about the y-axis, and Kϕ is the static rotational stiffness about y-axis of the fixed base
structure. This is the ratio of the unit moment, applied to the whole structure at the
tower head about the y-axis, to the resulting rotation at the same point.
Figure 5.8: Computation of the static bending and rotational stiffnesses.
The results are illustrated for a range of frequency ratios f0 from 0.6 to 16. A sinu-
soidal excitation P was applied at the head of the tower. Here, no base motion was
applied. However, the method is also suitable for investigating the base motion re-
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sponse. The results refer to steady-state conditions. It is important to stress that each
resonance peak indicates a natural frequency and the focus here lies on the first two
bending modes. Normally, between the first and the second natural frequency there
are additional peaks, which correspond to the frequencies of the blades. However, the
tower head was modeled as a lumped mass, therefore these additional peaks do not
appear here.
5.3.1 Layer/Structure Stiffness Ratio
The layer/structure stiffness ratio σ is defined as the ratio between the layer shear wave
velocity cLs and the product f
∗
1 · H , f ∗1 being the structure’s fixed base natural fre-
quency and H the hub height. This dimensionless parameter represents the relation-
ship between the stiffness of the soil and the stiffness of the foundation-tower system.
The product f ∗1 · H and the shear wave velocity of the half space were held constant
(cHSs =200 m/s). The shear wave velocity of the layer assumed the values 100 m/s and
400 m/s, which represent a soft and a stiff soil respectively. Fig. 5.9 shows the nor-
malized displacements of tower head and foundation centroid, for different values of
σ and for a dimensionless layer thickness d = 3.
The first natural frequency is not affected considerably, while the second natural fre-
quency shifts towards left as σ decreases. Far from the resonance frequencies, a change
in σ does not affect substantially the amplitudes of the tower horizontal displacements,
while it has a slight effect upon the amplitudes of the tower head rotations. For lower
values of σ, the tower head resonant motions are reduced as a result of the dissipation
of energy through the wave propagation. Oppositely, the amplitudes of the founda-
tion motions increase when σ decreases, as a consequence of the soil compliance. For
σ = 15 the foundation motions remain very small, nearly undetectable, hence the
foundation can be considered fixed. For σ = 3.75 the foundation motions are clearly
bigger. Nevertheless, the tower motions are of higher order than that of the foundation
motions. Thus, for these values of σ, the foundation displacements and rotations play
only a secondary role in the response of the whole structure. In general, the SSI inter-
action is noticeable for very small values of σ (less than 3), causing the foundation to
move considerably, the second natural frequency to shift toward left and the resonant
tower motion amplitudes to be reduced.
5.3.2 Layer Thickness
The dimensionless parameter d = D/2R was varied between 0.25 and 3. The remain-
ing parameters of the problem were set as in Par. 5.2.3. The layer is assumed softer
than the half space and the ratio c is equal to 0.5. The layer/structure stiffness ratio
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Figure 5.9: Steady-state response of a wind turbine for different values of σ = cLs /f∗1H and
d = D/2R = 3.
σ is assumed to be 3.75. Fig. 5.10 shows the influence of the layer thickness on the
normalized structural response.
It is confirmed that the first natural frequency of the system is not considerably affected
by the layer thickness, while the second natural frequency is lowered as d increases.
However, this reduction in frequency was estimated to be less than 5% of the fixed
base second natural frequency. The resonant amplitudes become lower as d increases.
Nevertheless, the SSI effect can be noticed only in the vicinity of the natural frequen-
cies. In other words, there is almost no interaction far away from the resonance peaks.
During resonance events, if a structure lies on a soft layer over a stiffer half space, the
SSI effects are beneficial. It can be noticed that the curves for d = 3 and d = 1 are basi-
cally identical over the whole range of frequencies. This suggests that already from d
= 1 the properties of the layer become decisive and the response of the soil tends to the
one of an half space with the same properties of the soft layer. The curves of the foun-
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Figure 5.10: Steady-state response of a wind turbine for different values of d, c = 0.5 and
σ = 3.75.
dation motions intersect each other at different points, reflecting the response of the
foundation-soil system in Par. 5.2.3. For example, this can be clearly seen comparing
the foundation rotations along the y-axis in Fig. 5.6 and in Fig. 5.10.
5.3.3 Shear Wave Velocity Ratio
As in Par. 5.2.4, the properties of layer and half space were exchanged so that the half
space became softer than the layer. Fig. 5.11 shows that the resonance amplitudes in
the neighborhood of the second natural frequency increase as d increases. Therefore,
if a structure lies on a hard layer over a softer half space, the SSI effects may lead to
an amplification of the resonant amplitudes. The thicker the layer becomes, the more
amplified will be the response. Oppositely, the amplitudes of the foundation motions
decreases as d increases. Also here, the SSI effects on the tower response become
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Figure 5.11: Steady-state response of a wind turbine for different values of d, c = 2 and
σ = 15.
important only in the vicinity of the second natural frequency. Moreover, Fig. 5.11
shows that there is a clear difference between the foundation motions for d = 0.25 and
for d >0.25. This mirrors again the response obtained for the foundation-soil system
in Fig. 5.7, where the curves for d ≥ 0.5 are very close to each other and distance
themselves from the one for d = 0.25.
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6 Investigations in Time Domain
This chapter presents a transient seismic analysis of a 5MW NREL reference wind
turbine. The aim of the investigation was to capture the influence of soil-dependent
issues on the dynamic response of the structure, subjected to simultaneous earthquake
and aerodynamic loading. After a general description of the case study, the consid-
ered environmental conditions, such as wind and seismic actions, are described. A
simplified LPM model of the turbine-soil system is presented and validated against the
FEM/BEM approach. Time-domain results are presented for different soil configura-
tions and aerodynamic conditions. Fig. 6.1 shows the flow chart of the steps performed
during the transient analysis.
6.1 Description of the Case Study
The investigation focused on the baseline NREL (National Renewable Energy Labo-
ratory) 5-MW reference turbine [51], which has a three-bladed rotor mounted upwind.
This reference model represents the best match of the current existing 5-MW config-
urations and serve as a standard model for parametric studies on large turbines. Its
main properties are summarized in Tab. 6.1. Dimensions and material properties of the
tubular tower are reported in Tab. 6.2 and Tab. 6.3 respectively.
The soil was idealized as a single layer over half space. The study focused on two
parameters: the thickness of the layer and the stiffness ratio of layer and half space.
The properties of the half space were kept constant. The investigated soil parameters
are collected in Tab. 6.4.
6.2 Proposed Model
The aforementioned structure was studied uncoupling the tower-foundation structure
and the rotor-nacelle system. As explained in Ch. 3, the yaw bearing loads acting at
the tower top can be computed separately from the support structure and then used as
input for the analysis of the tower-foundation-soil structure. Following this procedure,
the aerodynamic damping must be included in the model in the form of an additional
structural damping. The value of the structural damping is specified separately for each
loading scenario.
The tower was modeled following the same procedure of Ch. 5. Firstly the rotor blades,
the nacelle and the gear box were idealized as a concentrated mass point at the top of
the tower. The inertial properties of the head mass are collected in Tab. 6.5. In fore-aft
direction the center of mass of the tower head is at 0.41 m [12] from the tower axis.
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Table 6.1: Main properties of the 5-MW NREL reference wind turbine[51].
Type HAWT
Power rating 5 MW
Cut-in wind speed 3 m/s
Rated wind speed 11.4 m/s
Cut-out wind speed 25 m/s
Rotor speed range 6.9→ 12.1 rpm
Rotor diameter 126 m
Tower height 87.6 m
Hub height 90 m
Mass of rotor 111000 kg
Mass of nacelle 240000 kg
Mass of tower 347460 kg
Table 6.2: Tower geometry.
External diameter of the tower base section 6.00 m
External diameter of the tower top section 3.87 m
Wall thickness of the tower base section 0.0351 m
Wall thickness of the tower top section 0.0247 m
Table 6.3: Tower material properties.
Effective steel density 8500 kg/m3
Steel Young’s modulus 2.10·1011 Pa
Steel Poisson’s ratio 0.3
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Figure 6.1: Time-domain analysis overview.
This offset can be considered marginal and the resulting additional moments due to the
eccentricity of the mass may be assumed negligible.
The tower structure is modeled as a tapered Timoshenko beam with six degrees of
freedom at each node. The natural frequencies of the structure with fixed-base are
collected in Tab. 6.6. They are compared to the natural frequencies computed by NREL
with the program BMODES3, in order to demonstrate the equivalence of the NREL
3 Software for Computing Rotating Blade Coupled Modes (BMODES)
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Table 6.4: Investigated soil parameters.
Parameter Definition Symbol Values
Poisson′s ratio of layer and half space νLs , ν
HS
s 0.3
Density of layer and half space ρLs , ρ
HS
s 2000 kg/m
3
Damping ratio of layer and half space ηLs , η
HS
s 0.05
Half space shear wave velocity cHSs 200 m/s
Layer thickness/foundation diameter ratio D/2R d 0.25, 0.5, 1, 3
Layer/half space shear wave velocity ratio cLs /c
HS
s c 0.5, 2
Layer/structure stiffness ratio cLs /f
∗
1H σ 3.45, 13.8
Table 6.5: Inertial properties of the tower head.
Rotor and nacelle mass 3.50·105 kg/m3
Tower head moment of inertia about rotor-parallel
axis through the center of mass
4.37·107 kg·m2
Tower head moment of inertia about lateral axis
through the center of mass
2.35·107 kg·m2
Tower head moment of inertia about vertical axis
through the center of mass
2.54·107 kg·m2
model with the ANSYS R© model.
All of the NREL 5-MW Baseline wind turbine FAST models4 have their controller im-
plemented as a Dynamic Link Library (DLL) in the style of the GH Bladed code [42].
These controller DLLs include logic for variable-speed generator torque and collective
blade pitch-to-feather control.
The foundation-soil sub-structure was modeled through LPM, following the calibra-
tion method described in sec. 4.2.2. The degree of the polynomial fraction M was
set to two, thus, the LPM was made up of three couples of spring and dashpot along
each vibrational mode. This allowed to keep the model simple and of practical interest.
http://wind.nrel.gov/designcodes/preprocessors/bmodes/
4http://wind.nrel.gov/public/jjonkman/NRELOffshrBsline5MW
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Table 6.6: Modal frequencies of land-based 5-MW reference turbine tower in side-to-side
(SS), fore-aft (FA) and torsional direction.
Mode number Mode type Frequency (Hz)
BMODES[12] ANSYS Diff in %
1 1st SS 0.3291 0.3291 0.00%
2 1st FA 0.3324 0.33067 0.52%
3 1st Torsional 1.4703 1.4788 0.58%
4 2nd SS 1.8805 1.8894 0.47%
5 2nd FA 2.2432 2.2642 0.94%
6 3rd SS 4.6526 4.7817 2.77%
7 3rd FA 4.9865 4.9622 0.49%
Table 6.7: Foundation mass point properties.
Foundation mass 772500·105 kg
Foundation rocking mass moment of inertia 1.13·107 kg·m2
Foundation torsional mass moment of inertia 2.21·107 kg·m2
Tower head moment of inertia about vertical axis
through the center of mass
2.54·107 kg·m2
The polynomial approximation was applied for a frequency range f=[0,6] Hz, as the
degree of the polynomial was too low for a broader range. Besides the soil properties
of Tab. 6.4, for the determination of the LPM optimal coefficients, it was necessary to
input a representative foundation length R, the vibration surface area Af and moment
of inertia If (see Tab. 6.8). The static limits of the flexibility functions were simply
taken as the real-valued quantity at f=0. The high-frequency damping coefficient σ∞
was chosen according to [112] and can be computed as described in Tab. 6.9. where
for soils with ν >1/3 the dilation wave velocity cp is taken as twice as the shear wave
velocity. The values of cs and cp refer to the first layer. The approximation was per-
formed after normalizing frequency and flexibility functions as follows:
a0 =
2pifR
cs
|Cii| = Cii
Cii0
(6.1)
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Table 6.8: Input values for the determination of the LPM optimal coefficients.
Parameter Symbol Values
Representative foundation length R 9 m
Vibration surface area Af piR2
Vibration moment of inertia If piR4/4
Table 6.9: High-frequency damping coefficient .
Vibrational mode σ∞
Horizontal ρcsAf csCxx0
R
Vertical ρcsAf cpCϕxϕx0
R
Rocking ρcsIf cpCzz0
R
Torsional 2ρcsIf csCϕzϕz0
R
where the shear wave velocity cs refers to the first layer. For each one of the eight
soil configurations, the approximation of the compliance function through polynomials
lead to one set of six optimal coefficients in each vibrational mode. The approximation
procedure lead to two main LPM types: a series of three first-order basic elements
(Fig.6.2a) and a series of one first-order and one second-order element (Fig.6.2b).
The complete set of LPM coefficients can be found in anx. A. The agreement between
LPM and FEM/BEM is satisfactory for a range of dimensionless frequency a0 between
0 and 4 and tends towards the high-frequency limit for a0 > 4, as shown, for instance,
in Fig. 6.3. Further comparisons between LPM and FEM/BEM compliance function
for different soil parameters can be found in Anx. B.
Fig. 6.4 shows the non-normalized amplitudes of the compliance functions for hor-
izontal and rocking vibrations, with respect to the first two fore-aft bending natural
frequencies of the fixed-base structure. The figure refers to a soft layer over a stiffer
half space. The values of the horizontal compliance corresponding to the first natural
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Figure 6.2: LPM Types: a series three first-order basic elements (a) and a series of a first-order
and a second-order element (b).
frequency is greater for d = 3 and smaller for d = 0.25. One would conclude that if the
layer thickness increases, also Czz and the overall system flexibility increases. How-
ever, the bending flexibility of the system is affected also by the rocking compliance,
which shows a different tendency. Its highest value is noticed for d = 1. In the vicinity
of the second natural frequency, the highest horizontal compliance amplitude occurs
for d = 0.5, while the rocking one for d = 1.
Fig. 6.5 shows that, for the case of layer over softer half space with c=2 and σ =
13.8, the amplitude of the horizontal and rocking compliance functions is significantly
smaller than the previous case with c = 0.5. This is shown for d = 1, but applies for all
investigated layer thicknesses. Therefore, the flexibility due to the soil compliance for
c = 2 and σ = 13.8 results in negligible effects on the system dynamic properties.
6.2.1 Seismic Excitation
The seismic excitation was modeled selecting recorded strong motions with fitting
characteristics for the specific analysis. Using recorded data it is difficult to collect
ground motions, which correspond exactly to the investigated soil. However, it is
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Figure 6.3: Comparison between FEM/BEM and LPM in terms of normalized compliances
for d = 3 and different values of c.
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Figure 6.4: Horizontal(left) and rocking(right) amplitude of the compliance functions for c =
0.5 and different value of d.
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Figure 6.5: Horizontal(left) and rocking(right) amplitude of the compliance functions for d=1
and different value of c.
possible to select recordings at a location with specific mean soil properties, at a known
distance from the epicenter and for a certain earthquake magnitude, and modify them
accounting for the known soil profile.
The PEER ground motion database [78] made available a large number of time series
records and a search tool, where several options help to filter the strong motions. In
order to match the chosen soils, the earthquake recordings were selected, providing
the values in Tab. 6.10. The top 30 meters of the site are considered representative
for the half space. Doing so, one can select several recordings with similar seismic
environment and specific soil conditions. Moreover, the three components of each
record (fault normal, fault parallel and vertical) belong to the same seismic wave and
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Figure 6.6: Three-dimensional components of the free field motion for c=0.5 and d=3.
possess an inherent correlation.
Table 6.10: Search options for the selection of seismic records.
Magnitude (min,max) 6→6.5
Range of closest distance to rupture plane 100±15 m
Average shear wave velocity of top 30 meters of the
site
200±1 m/s
The selected seismic strong motions represent the reference control motions. Follow-
ing the procedure described in sec. 2.4, the free field motion for the parametric soil
can be computed. Through the PEER search tool several records were selected. Their
Fourier transforms were arithmetically averaged in order to obtain a cumulative spec-
trum. This was then amplified and the inverse FFT was finally performed.
Fig. 6.6 shows the fault normal (x), fault parallel (y) and vertical (z) components of
the free field motion for c=0.5 and d=3. With respect to the wind turbine coordinate
system, the fault normal component was aligned with the wind. The seismic action
was applied by exciting the far-end of the LPM using the time histories of the free
field displacements. Even if only translational excitations were applied, base rotations
occurred at the soil-structure interaction node, due to the soil rocking springs.
Fig. 6.7 compares the x-component of the free field motion for three illustrative cases:
soft thick layer, soft thin layer and stiff thick layer. It can be seen that a soft thick layer
clearly amplifies the control motion, whereas a thick stiff layer de-amplifies it. Also
the frequency content is affected by the presence of the layer over the half space.
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Figure 6.7: Free field motion in x-direction for different values of d and c.
6.3 Model Verification
In order to validate the lumped parameter models against the FEM/BEM method, a
preliminary analysis was carried out, considering the seismic excitation in one direc-
tion, for one type of soil. Fig. 6.8 shows the seismic response with FEM/BEM and
LPM for a soft layer with a thickness equal to the foundation diameter(d = 1), based
on a stiffer half space (c = 0.5). The plot shows the satisfactorily agreement between
the two approaches, with a slightly overestimated tower top displacements with the
lumped-parameter model.
6.4 Results and Discussion
The seismic response of the soil-turbine system was investigated considering four sce-
narios:
• Load scenario S: only earthquake;
• Load scenario IS: idling conditions and simultaneous earthquake occurrence;
• Load scenario NS: normal power production and simultaneous earthquake oc-
currence;
• Load scenario ES: emergency shutdown during operation caused by earthquake
occurrence;
For each load scenario, the plots are grouped in blocks with the same c parameter.
Within each block, the plots compare the influence of the layer thickness through the
parameter d. The results are presented in terms of overturning base moment, tower top
displacement, base shear and maximum displacement and bending moment along the
tower. For these variables, both time histories and Fourier transforms are presented.
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Figure 6.8: Validation of the seismic response of the turbine-soil system for c=0.5 and d=1
using LPM against FEM/BEM.
6.4.1 Earthquake Occurrence
Here, earthquake is the only loading action. The PEER time histories described in
Sec.6.2.1 were applied at the far-end of the LPM in terms of displacements. In this
case study, only one set of three-dimensional free field motion was used (see Fig. 6.6).
However, in general, for the seismic design a statistically significant number of earth-
quakes must be considered. The structural damping was set to 1% as suggested in the
norms and, here, no aerodynamic damping can be added.
The first block of plots refer to a layer over a stiffer half space, where the thickness was
varied. The shear wave velocity of the half space is twice the one of the layer (c = 0.5).
Being the natural frequency of the fixed-base system f ∗1 and its height H constant, the
parameter σ depends only on the shear wave velocity of the layer; for c = 0.5, it results
to be 3.45.
Fig. 6.9a shows that the maximum overturning moment amplitudes are exhibited for d
= 3. This is due to several concomitant factors. Firstly, the amplified free field input
for a thicker layer was characterized by bigger amplitudes than for thinner layers (see
Fig. 6.7). Secondly, the horizontal compliance in the vicinity of f ∗1 was higher for d
= 3, contributing to the overall bending flexibility. Similarly, the rocking compliance
had its highest value for d ≥ 1. For the other three layer thicknesses, the curves show
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very similar amplitudes. In the final oscillation phase, it becomes clear that the period
of the system slightly increases for d equal to 1 and 3, whereas it is smaller for d
= 0.25, indicating a change in natural frequency. Compared to d = 0.25, the curve
for d ≥ 0.5 are slightly more damped, because of the higher radiation damping in
thicker layers. As shown in Fig. 6.9b, the first resonant frequency is not significantly
affected by the change in layer thickness. Contrarily, the second resonant frequency
changes significantly with d and the corresponding spectral amplitudes for d > 1 are
considerably reduced. The same considerations apply for the tower top displacements
(Fig. 6.9c and d) and the base shear (Fig. 6.10a and b). Fig. 6.10c shows the maximum
displacement and bending moment along the tower. The curves for the case of d = 3
always covers the other curves. Note that the maximum displacements for d = 3 show
an offset to the left as a consequence of the free field amplification and the higher
horizontal soil spring flexibility. The maximum displacement at the tower top for d =
3 is greater than 1m, whrease for the other cases it is about 0.7m. In order to improve
the plot legibility, a magnifying glass appear at key points.
The second block of plots refer to a layer over a softer half space (c=2). The parameter
σ results to be 13.8, which, based on the analysis in Ch. 5, indicate small to negligible
SSI effects. Basically there is almost no change in amplitudes due to the layer thickness
variation. Fig. 6.11c shows a very small decrease of oscillation amplitudes for d = 3.
Also, no influence on the natural frequencies is detected. Comparing Fig. 6.12c and
Fig. 6.10c the maximum bending moment along the tower for c = 2 oscillates about the
values for c = 0.5. However, at the base, M fy is significantly higher for c = 2, being the
soil inflexible. Here, the worst case with respect to the overturning moment is for d=1.
The maximum displacements for d = 3 show an offset to the right as a consequence of
the free field de-amplification. The maximum displacement at the tower top for d = 3
is about 0.6m, whereas for the other cases it is slightly higher than 0.7m.
6.4.2 Earthquake Occurrence during Idling Conditions
Under idling condition, the wind turbine is generally parked with the rotor blades free
to spin in the feathered position. This state minimizes the loads on the structure and
are clearly of second order with respect to the seismic loads. However, the structure
is affected by aerodynamic effects and an extra structural damping shall be considered
during the analysis, as explained in Ch. 3.5. Prowell el al. [83] showed that the moment
demand in the simulations conducted for the parked 900kW-turbine, when subjected
to the El Centro earthquake with and without aerodynamics, is clearly reduced by
the influence of aerodynamic damping. For this case, the structural plus aerodynamic
damping was taken equal to 3%. Fig. 6.13 shows that the response is clearly damped
faster than in the previous case. The aerodynamic loads are very small compared to
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Figure 6.9: Results for the loading scenario S, c=0.5 and different values of d: (a) overturning
base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d) FFT of
the tower top displacement.
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Figure 6.10: Results for the loading scenario S, c=0.5 and different values of d: (a) base shear;
(b) FFT of the base shear; (c) maximum displacement and bending moment along the tower.
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Figure 6.11: Results for the loading scenario S, c = 2 and different values of d: (a) overturning
base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d) FFT of
the tower top displacement.
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Figure 6.12: Results for the loading scenario S, c = 2 and different values of d: (a) base shear;
(b) FFT of the base shear; (c) maximum displacement and bending moment along the tower.
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normal power production. However, they contribute to the frequency content of the
response, adding aerodynamic pieces of information. This can be seen in Fig. 6.13b,
where several new peaks appear in the FFT of the overturning moment, decreasing the
gap between the natural frequency peaks and the remaining peaks. These additional
peaks are related to the natural frequencies of the blades and other flexible parts of the
rotor and to the wind frequencies, also listed in Tab. 6.11.
Table 6.11: Full system natural frequencies at 0 RPM [51].
Mode type Frequency (Hz)
1st Drivetrain 0.62149
1st Blade asym. flapwise yaw 0.67250
1st Blade asym. flapwise pitch 0.67084
1st Blade collective flap 0.70130
1st Blade asym. edgewise pitch 1.07770
1st Blade asym. edgewise yaw 1.09270
1st Blade asym. flapwise yaw 1.99320
1st Blade asym. flapwise pitch 1.99320
1st Blade collective flap 2.01980
Fig. 6.14c shows the decrease of amplitudes for both overturning moment and tower
top displacements. Also in this case, for c = 0.5, the second natural frequency is
affected by the change in layer thickness. Contrarily, this does not happen for c = 2.
For c = 0.5, it is confirmed that the case d=3 lead to higher values of the maximum
moment, while the other cases show similar tendency (see Fig. 6.15c). Comparing
Fig. 6.14c and Fig. 6.16c, the cases d=1, 0.5, 0.25 led to similar maximum tower top
displacements for both c = 0.5 and c = 2, while, for the case d = 3, utx is larger for c =
0.5 (more than 1m) and smaller c = 2 (just above 0.5m). This confirms the significant
increase in flexibility due to the presence of a thick soft layer. Fig. 6.16c shows that
the maximum M fy occurred for c = 2 and d = 1.
6.4.3 Earthquake Occurrence during Normal Operation
In this load scenario, the tower was subjected to aerodynamic loads and seismic shak-
ing simultaneously, where the latter started after the initial start-up phase. The tower
head loads were generated for a hub-height wind speed of 11.4 m/s and a turbulence
intensity of level B IEC. According to standard codes [107], aerodynamic analysis
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Figure 6.13: Results for the loading scenario IS, c = 0.5 and different values of d: (a) over-
turning base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d)
FFT of the tower top displacement.
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Figure 6.14: Results for the loading scenario IS, c = 0.5 and different values of d: (a) base
shear; (b) FFT of the base shear; (c) maximum displacement and bending moment along the
tower.
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Figure 6.15: Results for the loading scenario IS, c = 2 and different values of d: (a) overturning
base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d) FFT of
the tower top displacement.
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Figure 6.16: Results for the loading scenario IS, c = 2 and different values of d: (a) base shear;
(b) FFT of the base shear; (c) maximum displacement and bending moment along the tower.
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Figure 6.17: Comparison between the the loading scenarios S and IS, for c = 0.5 and d = 3 in
terms of maximum displacement and bending moment along the tower.
must be carried out for a minimum of 10-minutes under normal turbine conditions.
In previous investigations [82] the earthquake shaking started at a specific time of the
aerodynamic simulations, lasting for about 40 s. As a consequence, the superposition
between seismic and aerodynamic loading is limited to the duration of the seismic
events, with small pre- and post- earthquake transient effects. Moreover, the time at
which the seismic event started was chosen arbitrarily. The evaluation of the results
was mainly based on the 40-s part of the simulation which involved the earthquake’s
occurrence. In this work, the presented analyses were carried out for the only duration
of the seismic input. This did not affect the assessment of the SSI effects on the seismic
response of the wind turbine under different operational states. The aerodynamic loads
applied here were already presented in sec. 3.4. The mean rotor speed was about 12
rpm, which implied a rotor operational frequency and a blade passing frequency of 0.3
Hz and 0.6 Hz respectively. These frequencies appeared also in the FFT of the moment
and shear force
Fig. 6.18 and Fig. 6.19 show the response in the presence of a soft layer. Again
the thicker the layer is, the bigger are the displacement amplitudes. The maximum
tower top displacement exceeds 1m for d = 3. Also the maximum overturning moment
reaches its maximum for d = 3, however, from Fig. 6.18a, the decay of the oscillation
is faster than for the other values of d, indicating a greater radiation damping. Note
that the oscillations exhibit different time histories for each d case already before the
beginning of the earthquake. This implies also different initial conditions at the start-
ing time of the seismic excitations. In agreement with the previous case, Fig. 6.21c
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shows that the maximum M fy occurred for c = 2 and d = 1.
Fig. 6.22 shows the comparison between the loading scenarios NS and IS, for c = 0.5
and d = 3. The maximum demand for the operating turbine is only slightly higher
than the one for the idling turbine. If, instead of a simultaneous application of aero-
dynamics and earthquake, the sum of the maxima based on independent simulations
is applied, the demand estimation would certainly be much higher. This would likely
have important implications on the turbine design.
6.4.4 Earthquake Occurrence and Emergency Shutdown
The emergency shutdown case is investigated in order to assess if this special event
would increase the structural seismic demand. It was assumed that the emergency
shutdown occurred at the instant of maximum overturning moment. In this way, one
could see if an emergency shutdown caused by an earthquake would provoke greater
overturning moment than the maximum reached in normal power production. As for
each different soil the instant of maxim moment changes, a comparison would not be
instructive. Instead, only the soil configuration of a soft layer over a stiffer half space
was studied. The case of c = 0.5 and d = 3 was chosen for this load scenario. The
emergency shutdown was triggered at 51.8s, when the moment at the base reached
its maximum. Fig. 6.23 shows the time history of the fore-aft shear force and the
pitch moment for an emergency shutdown (see Fig. 3.3 for the terminology). These
emergency shutdown loads were computed with the program FAST, as explained in
Sec. 3.4, and the resulting yaw bearing loads were applied to the SSI model at the tower
head node. Fig. 6.24a compared the structural response to the emergency shutdown
with the case of normal operation. Here, the tower top displacements reach higher
values and even the maximum overturning moment is increased. The sudden decrease
of aerodynamic loads led to an impulse load, which excited the free vibration of the
tower, as shown in Fig. 6.24b.
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Figure 6.18: Results for the loading scenario NS, c = 0.5 and different values of d: (a) over-
turning base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d)
FFT of the tower top displacement.
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Figure 6.19: Results for the loading scenario NS, c = 0.5 and different values of d: (a) base
shear; (b) FFT of the base shear; (c) maximum displacement and bending moment along the
tower.
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Figure 6.20: Results for the loading scenario NS, c = 2 and different values of d: (a) overturn-
ing base moment; (b) FFT of the overturning base moment; (c) tower top displacement; (d)
FFT of the tower top displacement.
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Figure 6.21: Results for the loading scenario NS, c = 2 and different values of d: (a) base
shear; (b) FFT of the base shear; (c) maximum displacement and bending moment along the
tower.
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Figure 6.22: Comparison between the the loading scenarios NS and IS, for c = 0.5 and d = 3
in terms of maximum displacement and bending moment along the tower.
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Figure 6.23: Fore-aft shear force and pitch moment at the tower head (yaw bearing loads) for
an emergency shutdown.
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Figure 6.24: Results for the loading scenario ES and NS, c = 0.5 and d = 3: (a) base shear; (b)
FFT of the base shear; (c) maximum displacement and bending moment along the tower.
113
7 Conclusions
This thesis presented a systematic investigation of the dynamic interplay between a
onshore wind turbine, its foundation and the compliant soil underneath. The main ob-
jective was to assess if this mutual process would have important implications on the
turbine design, especially in seismic areas. The problem involved different technical
disciplines, such as soil and structural dynamics, earthquake engineering, aerodynam-
ics, computational and numerical methods. It is a highly complex task, which can only
be solved making several assumptions.
In order to assess the effect of the soil-structure interaction (SSI) on onshore wind
turbines, a systematic parametric investigation was carried out by varying loading sce-
nario, soil type and reciprocal relationships between turbine and soil properties. The
whole study focused on isotropic linear layered soils. The contact conditions were
considered relaxed, that is the contact tractions develop only in the direction of the
corresponding vibration mode. No uplift of the foundation was allowed. Both fre-
quency and time domain analysis were carried out.
Besides these main objectives, a comparison between rigorous and simplified methods
for SSI is provided. Moreover, this study clarifies important aspects of seismic design
of wind turbines, providing a few suggestions to avoid conservatism and increase safety
when conducting numerical simulations.
7.1 Comparison Between Rigorous and Simplified Methods
The first crossroad of any SSI analysis is the choice of the method. The main difficulty
lies on the representation of an unbounded system. Indeed, the accuracy of the analysis
relies substantially on the capability of the method to satisfy the radiation condition,
for which the energy must be transported to infinity.
In this work a rigorous and an approximate approach have been chosen. The first is the
coupling between the boundary element method (BEM) and the finite element method
(FEM). The second is the pure finite element method, where the foundation-soil sys-
tem is approximated with a nested lumped parameter model (LPM). The latter was
calibrated based on the compliance functions obtained with the FEM/BEM method.
The general requirements for the successful application of LPM are:
1. the compliance or impedance functions of the foundation-soil system are known,
either computed through rigorous simulation (for instance FEM/BEM coupling
or comparable methods) or estimated through field measurements;
2. the nature of the soil profile is known;
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3. the vibration surface area, a representative foundation length and the static and
high-frequency limits are known as well.
4. the loading function is known, in frequency or time domain.
With the aid of benchmark examples, it was shown that:
1. For the case of one layer over a half space, the LPM is able to represent the
vibrational behavior of the foundation, within given limits due to the considered
frequency range.
2. The degree of the polynomial fractionM depends on the complexity of the com-
pliance functions; here, M was set to 2 and only the low-frequency range was
approximated. Doing so, the high-frequency content is neglected. However, for
normal civil engineering applications, the high-frequency content is usually of
second order.
3. A low polynomial fraction degree permits to maintain a certain practicability of
the model. For example, for M=2 it leads to 3 couples of spring dashpots along
each degree of freedom. Indeed, one may reach a better match and improved
accuracy by increasing the polynomial degree.
4. The choice of M is also related to the frequency content of the load. The steady-
state compliance functions must be approximated for a frequency range, which
includes all the significant frequency components of the loading.
The accuracy of the LPM, with respect to rigorous approaches, remains within accept-
able limits. Anyway, even if the method reaches extraordinary accuracy, soil properties
and stochastic phenomena, such as wind and earthquake, are of complicated nature and
the accuracy, with which they can be estimated, is much smaller than the method ca-
pabilities. A drawback of the LPM is that the springs are assumed independent and no
coupling between vibration modes is considered.
7.2 Influence of SSI Effects on Onshore Wind Turbine
7.2.1 Steady-state Response
At first, the steady-state response of different layered soil configurations was presented.
The investigated soil parameters are collected in Tab. 7.1. It was shown that:
7.2 Influence of SSI Effects on Onshore Wind Turbine 115
1. If the layer thickness increases, the response of the soil is governed by the prop-
erties of the layer and the wavelength of the oscillations tends to the wavelength
of the shear waves for the layer.
2. If the thickness D of the layer decreases, the normalized wavelength increases
and, as D tends to 0, the wavelength ratio λ/λHSs tends to 1.
3. As a consequence, when D tends to ∞, the ratio λ/λHSs tends to 0.5, which is
the layer-to-HS shear wave velocity ratio c.
Table 7.1: Investigated soil parameters.
Parameter Definition Symbol Values
Poisson′s ratio of layer and half space νLs , νHSs 0.3
Layer/half space shear wave velocity
ratio
cLs /c
HS
s c 0.5, 2
Dimensionless layer thickness ωD/cHSs D0 0.4, 0.8, 1.6, 4.8
Dimensionless distance ωr/cHSs r0 0→ 10
Secondly, the SSI effects on the compliance functions have been discussed and Tab. 7.2
summarizes the ranges of the investigated parameters. This part was modeled by means
of a substructure method, based on the coupling of the FEM and the BEM methods.
It was found that:
1. the changes in mass distribution are unimportant for the modeling of SSI, as
these parameters vary within a very narrow range in foundation design;
2. for the investigated turbine size, the foundation can be idealized as a rigid disk
and the geometry does not modify noticeably the response;
3. for a foundation on a soft layer over a harder half space, the static compliance
keeps increasing as the layer thickness increases;
4. for a layer that is 3-times thicker than the foundation diameter, the static compli-
ance tends to that one of the half space with the same properties of the layer;
5. for the horizontal and rotational compliance, the amplification effects are
stronger if the layer thickness D is equal to the foundation radius R. For the ver-
tical case, the response exhibits a higher resonance peak for the ratio D = 2R;
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Table 7.2: Investigated foundation-soil system parameters.
Parameter Definition Symbol Values
Poisson′s ratio of layer and half space νLs , νHSs 0.3
Poisson′s ratio of the foundation νf 0.2
Layer/half space shear wave velocity
ratio
cLs /c
HS
s c 0.5, 2
Dimensionless frequency 2Rω/cHSs a0 0→ 2.7
Foundation mass parameter hρf/RρLs B 0, 0.2, 0.5, 1, 4,
17
Layer thickness/foundation diameter
ratio
D/2R d 0.25, 0.5, 1, 3
6. in general, the curves of the compliance functions for a layer over half space
depend on the relation between the stiffness of the layer and the stiffness of the
underlying half space, and not on the stiffness of the layer itself. If the layer is
harder than the half space, no amplification occurs and the presence of the layer
may be beneficial. If the layer is softer than the supporting medium, it could lead
to a strongly frequency-dependent response and resonance effects.
These conclusions are only valid for the foundation-soil system, without structure.
Some local aspects noted for the soil-foundation system were not found for the whole
soil-structure system. In fact, variations of the foundation response are of second order
with respect to the tower response, hence they only have a limited influence on the
dynamic behavior of the complete structure.
The SSI effects on the steady-state response of the whole wind turbine were investi-
gated by varying the parameters in Tab. 7.3.
The following conclusions may be drawn:
1. the first natural frequency of the system is not considerably affected by the pres-
ence of the layer, while the second natural frequency shifts towards left or right
depending on the layer thickness and on the soil shear wave velocity. However,
this change in frequency was estimated to be lower than 5% of the fixed base
second natural frequency;
2. in general, the SSI interaction is noticeable for values of the layer/structure stiff-
ness ratio less than 3, causing the foundation to move considerably, the second
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Table 7.3: Structure-soil system parameters.
Parameter Definition Symbol Values
Poisson′s ratio of layer and half space νLs , νHSs 0.3
Poisson′s ratio of the foundation νf 0.2
Layer/structure stiffness ratio cLs /f
∗
1H σ 3.75, 15
Layer thickness/foundation diameter
ratio
D/2R d 0.25, 0.5, 1, 3
Layer/half space shear wave velocity
ratio
cLs /c
HS
s c 0.5, 2
Frequency ratio f/f∗1 f0 0.6→ 16
natural frequency to shift towards left and the tower resonant motion to be re-
duced;
3. for a soft layer over a harder half space, the resonant amplitudes become lower
as the layer thickness increases, showing radiation damping;
4. for a stiff layer over a softer half space, the thicker the layer becomes, the less
flexible becomes the system;
5. from a layer thickness greater or equal to the foundation diameter, the properties
of the layer become decisive and the response of the soil tends to the one of an
half space with the same properties of the soft layer.
7.2.2 Transient Response
In this second part, the aim of the investigation was to capture the influence of soil-
dependent issues on the transient response of the structure, subjected to simultaneous
earthquake and aerodynamic loading. The investigation focused on the baseline NREL
(National Renewable Energy Laboratory) 5-MW reference turbine [51], which has a
three-bladed rotor mounted upwind. The study focused on two parameters: the thick-
ness of the layer and the stiffness ratio of layer and half space. The properties of the
half space were kept constant. The foundation-soil sub-structure was modeled through
LPM. The seismic excitation was modeled selecting recorded strong motions with fit-
ting characteristics for the specific analysis. Site effects were also considered.
Beside the aforementioned findings, the following additional conclusions may be
drawn:
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1. Earthquake occurrence:
(a) layer over a stiffer half space (c=0.5, σ=3.45):
the maximum overturning moment and tower top displacement amplitudes
are exhibited for d = 3. This is due to several concomitant factors. Firstly,
the amplified free field input for a thicker layer was characterized by am-
plitudes, which are bigger than those for thinner layers. Secondly, the hor-
izontal compliance in the vicinity of f ∗1 was higher for d = 3, contributing
to the overall bending flexibility. Similarly, the rocking compliance had its
highest value for d ≥ 1. For the other three layer thicknesses, the curves
show very similar amplitudes. Compared to d = 0.25, the curves for d ≥
0.5 are slightly more damped, because of the higher radiation damping in
thicker layers.
(b) layer over a softer half space (c = 2, σ = 13.8):
the results indicate small to negligible SSI effects. At the base, M fy is
significantly higher for c = 2, the soil being inflexible. Here, the worst
case with respect to the overturning moment is for d = 1. The maximum
displacements for d = 3 show an offset to the left as a consequence of the
free field deamplification.
2. Earthquake occurrence during idling conditions:
due to the additional aerodynamic damping, the results show the decrease of
amplitudes for both overturning moment and tower top displacements. The cases
d= 1, 0.5, 0.25 led to similar maximum tower top displacements for both c = 0.5
and c = 2, while, for the case d=3, utx is larger for c = 0.5 (more than 1m) and
smaller c = 2 (just above 0.5m). The maximum overturning moment occurred
for c = 2 and d = 1.
3. Earthquake occurrence during normal operation:
the maximum tower top displacement exceeds 1m for d = 3 and c = 0.5. The
maximum overturning moment also reaches its maximum for d = 3 and c = 0.5;
however, the decay of the oscillation is faster than for the other values of d, thus
indicating a greater radiation damping. In Fig. 6.22 it was also shown that the
demand estimation would certainly be much higher, if, instead of a simultaneous
application of aerodynamics and earthquake, the sum of the maxima based on in-
dependent simulations is applied. This would likely have important implications
on the turbine design.
4. Earthquake occurrence and emergency shutdown:
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the case of c = 0.5 and d = 3 was chosen for this load scenario. the emergency
shutdown was triggered when the moment at the base reached its maximum. The
tower top displacements reach higher values than during normal operation and
even the maximum overturning moment is increased. The sudden decrease of
aerodynamic loads led to an impulse load, which excited the free vibration of the
tower. This must also be considered during the seismic design of wind turbines.
As suggested in the standard codes, it is necessary to consider an emergency
shutdown triggered by an earthquake as a seismic load combination.
In general, it can be concluded that the design of large-size wind turbines may be af-
fected by SSI effects, especially in seismic areas. The most important parameter is the
relative stiffness of structure and soil. Moreover, the ratio of the layer stiffness to the
half space stiffness plays an important role. Usually, soft layers tend to lie on stiffer
strata. It was demonstrated that, for this common case, if a soft layer over half space is
included in the simulation, the maximum tower top displacement is clearly increased.
This is even more pronounced for thick layers. Contrarily, the maximum overturn-
ing moment is decreased with respect to stiffer layer. Also, thick soft layers exhibit
a higher radiation damping, leading to a faster decay of the oscillation. Depending
on the layer/structure stiffness ratio, in case of stiff thick layers, the structure can be
considered cantilevered and the SSI results to be negligible.
7.3 Outlook
For prospective continuations of this work, several aspects may need further investiga-
tions:
• Soil non-linearities should be taken into account. In fact, the expected strain level
under normal operational loading is typically moderate (≈ 10−3); this would
lead to a strong dependency of the soil properties on the strain level. This may
change considerably the whole dynamic response of the turbine-soil system.
• Due to the many modeling assumptions, soil model must be always validated
against experimental data.
• The focus was on the SSI effects on wind turbines and not on the estimation of
design loads. For an actual site-specific assessment of design loads for turbines,
a statistically acceptable number of simulations with different seismic input, rel-
ative orientation of earthquake and wind and aerodynamic control settings must
be considered.
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• It is also necessary to extend existing numerical tools for aerodynamic and seis-
mic simulations of onshore wind turbines with nested LPM for the modeling of
layered soils. This would allow for all-encompassing safe analyses, also in the
case of complex soil conditions.
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A Appendix A: LPM Optimal Coefficients
Table 1.1: LPM optimal coefficients for c=0.5.
c=0.5
d=3 d=1 d=0.5 d=0.25
Horizontal
Type a b b b
k1 -7.18E+09 5.62E+09 6.09E+09 6.65E+09
c1 -2.16E+08 1.98E+08 1.12E+08 3.94E+08
k2 7.21E+08 1.13E+09 1.30E+09 1.60E+09
c2 4.21E+07 6.85E+07 9.35E+07 5.85E+07
k3 -9.78E+09 -3.97E+08 -1.80E+09 -1.44E+09
c3 1.86E+09 -6.90E+07 -7.48E+07 -5.44E+07
Vertical
Type b b b b
k1 -8.92E+09 3.87E+09 5.63E+09 1.59E+10
c1 2.60E+09 1.35E+08 4.69E+08 1.19E+09
k2 1.03E+09 2.21E+09 2.66E+09 2.75E+09
c2 9.88E+07 3.25E+08 1.19E+08 1.03E+08
k3 -2.71E+08 -9.34E+09 -3.27E+09 -3.50E+09
c3 -2.38E+07 -3.05E+08 -1.49E+08 -5.93E+07
Rocking
Type b b b b
k1 -5.84E+11 9.81E+10 3.77E+11 -4.81E+12
c1 3.56E+10 5.70E+09 3.27E+09 -7.27E+11
k2 5.25E+10 1.25E+11 7.40E+10 7.79E+10
c2 2.04E+09 2.91E+09 4.70E+09 1.92E+09
k3 -2.64E+10 -8.57E+10 -2.67E+11 -9.33E+10
c3 -1.42E+09 -1.26E+10 -4.56E+09 -1.81E+09
Torsional
T b b b b
k1 -9.07E+11 -8.91E+11 3.53E+11 7.57E+11
c1 3.06E+10 -4.96E+12 4.34E+09 7.10E+10
k2 7.49E+10 6.99E+10 1.00E+11 9.75E+10
c2 2.21E+09 2.06E+09 3.92E+09 2.12E+09
k3 -2.99E+10 -2.76E+10 -9.91E+10 -7.38E+10
c3 -1.59E+09 -1.47E+09 -4.06E+09 -3.43E+09
122 A APPENDIX A: LPM OPTIMAL COEFFICIENTS
Table 1.2: LPM optimal coefficients for c=2.
c=2
d=3 d=1 d=0.5 d=0.25
Horizontal
Type a a a a
k1 1.35E+10 1.58E+10 1.53E+10 9.40E+09
c1 2.07E+08 2.19E+08 2.38E+08 2.28E+08
k2 -1.15E+11 2.75E+10 1.85E+10 -9.01E+10
c2 2.10E+10 3.25E+09 1.61E+09 4.88E+09
k3 7.53E+10 -1.40E+11 -1.14E+11 2.49E+10
c3 2.81E+10 2.18E+10 1.05E+10 3.11E+09
Type b a a b
k1 1.73E+10 4.50E+10 -1.13E+11 -7.83E+10
c1 2.20E+09 6.01E+08 4.98E+09 1.70E+10
k2 5.35E+10 1.02E+10 6.18E+09 5.20E+09
c2 4.60E+08 1.05E+09 4.13E+08 3.90E+08
k3 -3.36E+10 -1.12E+11 -1.76E+11 -7.22E+09
c3 -5.33E+09 7.74E+10 9.62E+11 -1.24E+08
Rocking
Type b b a b
k1 -8.62E+12 -1.39E+13 5.54E+11 -4.31E+12
c1 3.92E+11 2.44E+12 7.75E+09 4.19E+11
k2 8.11E+11 7.81E+11 -6.33E+12 4.02E+11
c2 7.87E+09 7.74E+09 6.86E+11 7.86E+09
k3 -6.41E+11 -1.57E+11 -1.08E+13 -1.30E+11
c3 -4.72E+09 -1.28E+09 -1.27E+12 -4.75E+09
Torsional
Type b a b b
k1 -1.20E+13 2.13E+13 -1.33E+13 -1.11E+13
c1 5.73E+11 -1.07E+10 9.01E+11 8.96E+11
k2 1.16E+12 1.19E+12 1.07E+12 9.43E+11
c2 8.37E+09 4.70E+09 8.32E+09 8.32E+09
k3 -1.20E+12 -1.13E+13 -7.56E+11 -1.55E+11
c3 -4.45E+09 5.46E+11 -2.63E+09 -2.16E+09
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Figure 2.1: d=1
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Figure 2.2: d=0.5
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Figure 2.3: d=0.25
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